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FOREWORD 
This report describes the work conducted by TRW Systems for NASA-MSC 
under Contract NAS 9-4550 and covers the period from 21 July 1965 
through 21 June 1968. Mr. Richard Eatough was the TRW Program Manager. 
Mr. Darrell Kendrick of NASA Manned Spacecraft Center was the NASA 
Technical Representative on this program. 
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ABSTRACT 
This report documents the design, development~ fabrication, and testing 
of two flight-weight volatile liquid all-metal expulsion systems. 
Volatile liquid expulsion pressurization provides an improved method of 
expelling storable propellants for RCS engines by eliminating the need 
for a pressurant high pressv.re storage and distribution capability. 
The system utilizes the energy resulting from the phase change of a 
volatile liquid caused by a controlled heat input. Parameters to 
consider in volatile liquid selection and system design are presented. 
Typical test expulsion characteristics of subscale and flight-weight 
systems are described. 
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1.0 INTRODUCTION 
The projected requirements for future space missions indicate a 
need for increased reliability of the reaction control propellant 
expulsion system for long duration flights. The volatile liquid 
pressurization system provides an increase in reliability by eliminating 
the need for high pressure pressurant storage, pressure regulators 1 re-
lief valves, and interconnecting hardware. Eliminntion of the high 
pressure components from the pressurization system also results in a 
significant weight reduction. To avoid the permeation problems associated 
with nonmetallic materials for long-term storage, an all-metal expulsion 
device was used. In the volatile liquid system, the pressurant is stored 
as a liquid and converted to a pressurizing vapor through the application 
of heat. Since no pressures in excess of the required reaction control 
system pressure are needed, the pressurization system and propellant 
storage volume can be made integral and sealed within a common pressure 
vessel. 
The program consisted of the design, fabrication, and test of two flight-
weight volatile liquid expulsion systems described briefly below. 
System A was an all metal volatile liquid bipropellant expulsion 
system consisting of an oxidizer tank and a fuel tank capable of 
feeding a low thrust, long duty cycle pulsed reaction control 
rocket engine system operating at a nominal 166 psig tank pressure. 
System B was an all metal volatile liquid bipropellant expulsion 
system consisting of an oxidizer tank and a fuel tank capable of 
feeding an essentially continuous thrust reaction control engine 
system at a nominal 276 psig tank pressure. 
The technical approach used to accomplish the objectives of the program 
was divided into three phases; design-development, pressurization system 
demonstration, and reaction control system demonstration. 
1-1 
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Phase I - Design-Development 
The design-development phase consisted of the design, fabrication, and 
development testing of all components and materials preparatory to 
carrying out the full scale flight-weight system demonstration. This 
phase was sub-divided into four specific areas of investigation: 
1. Tank Design and Fabrication 
Within the constraints of an all-metal system and a minimum 
life requirement of 1000 cycles, the expulsion device chosen 
was a bellows configuration. The tank design parameters and 
envelope requirements were established to comply with the 
existing Apollo Command and Service Module designs. The 
tank design objective was to provide a minimum weight system 
consistent with the design limitations of an aluminum tank and 
steel bellows. Four tanks were fabricated, a fuel tank and 
an oxidizer tank for each system. 
2. Component Evaluation 
3. 
In System A, control of input of the external heat was provided 
by sensing the pressurant cavity pressure with a pressure switch 
which controlled the on-off position of a heat exchanger flow 
valve. Component level tests were conducted as well as sub-
system evaluation to assure proper function of the heat control 
system when incorporated into the full scale flight-weight 
tanks. A series of functional tests was conducted on each 
flight-weight tank to assure proper functioning during system 
demonstration. 
Pressurant Investigation 
Using subscale test hardware, expulsion te'ts were conducted 
with various candidate pressurant and heat storage materials. 
Pressurants investigated were monochlorodifluoromethane and 
difluoromethane. Heat storage materials included nonadecane, 
eicosane, docosane, and lauric acid. These tests were 
1-2 
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designed to provide a basis for selection of materials to be 
'used in the system demonstration phase. 
4. Loading Methods Investigation 
An investigation was conducted to determine practical methods 
for accurately loading the pressurant and heat storage 
materials into the tank. 
Phase II - Flight-Weight, Pressurization System Demonstration 
This phase of the program consisted of a series of expulsion tests 
conducted to demonstrate the capability of the flight-weight Systems A 
and B Volatile Liquid Pressurization Systems to meet the contract require-
ments. TIle purpose of the test was to investigate the limitations of the 
system including propellant flow rate, magnitude of pressure decay during 
the expulsion cycle, and rate of pressure recovery. Tests were conducted 
at various propellant flow rates and duty cycles utilizing a simulated 
propellant. A series of tests was then conducted, using simulated 
propellants, to demonstrate bipropel1ant operation. For the final 
portion of 'Chis phase of testing, a worst-case duty cycle was determined 
and expulsion tests were conducted with each tank utilizing actual 
propellants. 
Phase III - Auxiliary Propulsion System Demonstration 
During the last phase of the program, the volatile liquid pressurization 
concept was demonstrated during operation of a complete auxiliary 
propulsion system. A series of engine firing tests was conducted 
utilizing volatile liquid pressurization for both System A and System B 
operation. The System A tests were conducted using two Apollo service 
module lOO-lb-thrust radiation engines; the System B tests were conducted 
using two TRW-manufactured 100-lb-thrust ablative engines. 
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2.0 SUMMARY 
The program described by this report consisted of the dasign, 
development, fabrication, and testing of two all-metal volatile liquid 
positive expulsion systems. The two different pressure level systems 
considered simulate the Res bipropellant pressurization systems on the 
Apollo Service (System A) and Command (System B) Modules. The design of 
the systems was based on the experience gained duri.ng the basic 
feasibility demonstration phase (Contract NAS 9-1004). Volatile liquid 
materials were selected for each system. In the low pressure (166 psig) 
service module system, an existing waste heat loop was utilized to provide the 
heat SOUTce required to m~intain a saturation pressure level. For the 
high pressure (276 psig) command module system the design requirement was 
for nearly continuous propellant flow. An external heat loop was not 
considered adequate to provide the heat necessary for pressurant 
vaporization. An investigation was conducted to determine a suitable 
heat storage material whereby heat could be stored in the tank and 
released to the volatile liquid as required during propellant expulsion. 
The two volatile liquids selected as pressurant materials for investiga-
tion were monochlorodifluor.omethane (System A) and difluoromethane 
(System B). A series of subscale tests was conducted to determine the 
expansion characteristics of the pressurants during propellant expulsion. 
Tests were conducted at various flow rates to determine pressure decay 
rates and magnitudes. Other tests were conducted with various pressurant 
quantiti.es to determine the effects of varying initial volatile liquid 
quality on the magnitude of pressure decay. 
Various heat storage materials of a family of aliphatic hydrocarbons were 
mixed with the System B volatile liquid, difluoromethane, and the mix 
was subjected to expansion to determine equilibrium pressure levels that 
could be achieved. In this series of heat storage material tests, at 
the start of expansion, the mix was at a temperature level (and resulting 
saturated pressurant vapor pressure) just above the freezing point of the 
hydrocarbon. The temperature decay associated with expansion of the 
pressurant caused a depression of the temperature of the heat storage 
2-1 
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material which resulted in freezing. The heat of fusion given off by 
the freezing heat storage mate-rial was transferred to the pressurant 
causing continuous vaporization and. maintenance of a relatively constant 
pressure level. Four candidate heat storage materials were investigated 
and on~ (eicosane) was selected for use in the System B tests. 
A flight-weight fuel and oxidizer bellows and tank assembly was 
• • 
fabri\~ated for each of the two systems. Welding problems were encountered 
during fabrication of the 2219 aluminum tank shell. Resistance welding 
of the aluminum alloy 2219 tended to develop-weld nugget microcracks, 
particularly when using material in an annealed condition. This method 
of fabr~·cation, therefore, was eliminated. Fusion welding and electron 
beam welding were used successfully. 
Component and subsystem tests were conducted to demonstrate compliance 
with design specifications prior to final assembly of the full-scale 
system hardware. In addition to the acceptance test conducted on each 
tank assembly, the heat loop control components were tested individually 
and jointly to assure proper flow control of the heat exchanger fluid in 
response to changes in pressurant pressure. A series of tests Wa~ 
conducted to determine a practical method of accurately loading the 
volatile liquid and heat storage materials into the tank. 
A series of pressurization system tests with the full-scale tankage using 
simulated propellants provided test results' comparable to the subscale 
test performance. 
A series of bipropellant expulsion tests (fuel and oxidizer tanks 
simultaneously) was then conducted using Apollo command and service 
module duty cycles. Flow pulses were 10 seconds duration for both systems. 
By varying the off times, a changing duty cycle was established.' Tests 
were conducted at flow rates simulating single and multiple (two and four) 
IOO-pound ReS engine operation. The System B (command module) duty cycle, 
which was not established until late in th:;. program, required a pulsing 
performance with only a 50 percent on time. It was found from the 
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bipropellant test results that the heat storage material .. \'Ihich \'las 
developed for use \dth continuous propellant flow .. did not function 
efficiently in a pulsing mode, particularly at 10\'1 flow rates. In fact, 
in some instances, the presenc~ of the heat storage material resulted in 
reduced performance. For both System A ~md System B pulsing duty cycle 
operation best performance was demonst'.cated using an external heat source. 
A series of propellant expUlsion tests was then made with each tank. No 
differences were encountered in expulsion characteristics between the 
actual propellant and simulated propellant tests. 
Finally, the volatile liquid pressurization concept was demonstrated 
during operation of a complete auxiliary propulsion system. For System 
A, operation, the flight-weight pressurization system developed was used 
to provide propellants l1u.cing operation of two Apollo service module 
100-lb-thrust engines. The engines were operated at duty cycles varyil1g 
between 10 ::md 67 percent. Throughout these tests the maximum variation 
in engine chamber pressure resulting from pressurization system operation 
did not exceed 3 percen.t. 
System B operation was demonstrated during firing of two TRW-manufactured 
100-lb-thrust ablative engines. These engines were developed under 
contract NAS 9-5186. Engine duty cycles between 33 and 75 percent were 
tested. As was evidenced during the pressurization system tests, the 
pulsing mode of operation with the heat storage material m~thod of heat 
input did not provide a continuous pressure plateau. The maximum decay 
experienced in engine chamber pressure from the plateau pressure h'as 11 
percent . 
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3.0 SYSTEM DEFINITION 
The volatile liquid expulsion system, which provides both a 
propellant storage volume and integral pressurization within a conunon 
pressure vessel, eliminates the need 1;·01' a high pressure pressurant tank, 
pressure regulators, check valves, relief valves, and other associated 
hardware normally found in liquid propellant feed systems. The inherent 
reliability of the volatile liquid system is high because of its basic 
simplicity. 
The basic system consists of all-metal, positive expulsion fuel and 
oxidizer tanks capable of providing propellant for operation of up to 
four lOO-lb-thrust bi-prope llant RCS engines. Each tank has 'an integral 
pressurization system which converts a stored saturated fluid into a 
pressurization gas through the addition of heat. The use of a metal 
bellows expulsion device reduces the problems of permeability anci 
compatibility common to expulsion systems utilizing plastics or elastomers. 
The two different pressure level systems which were developed simulate 
the RCS pressurization systems on the Apollo Service and Command Modules. 
A summary of the requirements for the two systems, the Service Module 
System and the Command Module System, referred to as Systems A, and B, 
respectively, is given in Table 3-.1. 
. 
3.1 Volatile Liguid System Operation 
. The pressurant thermodynamics are such that the fluid exists at a 
saturated pressure. The desired saturation pressure is determined by the 
required system operating pressure. The pressurant fluid expands as 
propellant flow from the tank increases the pressurant cavity volume. The 
expansion process depends upon the propellant demand and pulse duration. 
With no energy exchange to or from the pressurant, the pressurant 
expands adiabatically. As the vapor phase expands there is a correspond-
ing drop in temperature. The temperature differential between the liquid 
and vapor phase initiates vaporization of the pressurant liquid and 
causes an increase in the pressurant fluid quality. With no heat 
3-1 
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Table 3-1 System Design Parameters 
Propellant Supply PreS5ure (nominal) 
Oxidizer 
Fuel 
Oxidizer Volume 
Oxidizer/Fuel Ratio by "eight 
Maximum Tank Diameter (ex\,;lusive of 
heat exchanger) 
Oxidizer Flow Rate 
Fuel Flow Rate 
Type of Propellant Flow 
Operating Temperature 
Tank Material 
Expulsion Device 
Expulsion Efficiency 
Design Cycle Life 
External Waste Heat Loop 
Fluid 
Flow Rate 
Temperature 
System A 
(Apollo 
Service 
Module) 
166 psig 
N204 
Aerozine-SO/MMH* 
2800 in. 3 
(1.62 ft 3) 
2.0 
13.0 in. 
0.222-0.888 
lb/sec 
0.111-0.444 
lb/sec 
Pulsing 
80°-120°F 
Aluminum 
Stainless 
steel bellows 
98% minimum 
1000 
60% Ethylene 
glycol/40% 
water 
0.0278 lb/sec 
180°F 
System B 
(Apollo 
Command 
Module) 
276 psig 
N204 
MMH* 
1760 in. 3 
(1.02 ft 3) 
2.0 
13.0 in. 
0.222-0.888 
lb/sec 
0.111-0.444 
lb/sec 
Continucms ** 
80°-120°F 
Aluminum 
Stainless 
steel bellows 
98% minimum 
1000 
0.0278 lb/sec 
120°F 
*Monomethylhydrazine 
**This was subsequently changed to pulsing mode with the establishment 
of a duty cycle by NASA 
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addition, vaporization will continue until the fluid stabilizes at a 
lower level of saturation pressure. By adding heat to the fluid, further 
vaporization takes place, resulting in an additional increase in quality 
and a return to the origInal saturation level. The magnitude of pressure 
decay in the system \'Iill be determined by the pressurant quality at the 
initiation of flow and the percent increase in the pressurant volume 
associated with propellant .flow. An exact balance between the heat input 
ru~d the flow work accomplished by the pressurant would result in the 
maintenance of a constant pressurization level utltil thepressurant 
liquid is depleted. 
In an attitude control system operating over a period of several weeks, 
where the average propellant flow rates are relatively low and the level 
of pressure decay associated with a single expulsion pulse qan be tolerated, 
heat addition can usually be accomplished between pulses by using an 
available external heat source. However, in reaction control systems 
where the propellant flow rate is essentially continuous, as might be 
experienced in an ullage or reentry engine application, the response 
time for an external heat source may not be capable of meeting the system 
requirements. In those instances a heat storage material is incorporated 
in the pressurant cavity of the pressure vessel in intimate contact with 
the volatile liquid. The heat storage material is selected such that 
its melting temperature is slightly below the normal system operating 
temperature associated with saturation pressure of the volatile liquid 
and system operating pressure. As the pressure in the cavity volume 
decreases with propellant flow, the temperature will decay to the 
freezing temperature of the heat storage material. This material will 
begin to freeze giving off its heat of fusion to the pressurant. As the 
heat storage material and the volatile liquid are in intimate contact, 
near instantaneous heat transfer occurs. An equilibrium presst;.re can be 
achieved in the pressurant cavity at a level equal to the vapor pressure 
of the volatile liquid at a temperature equal to the melting temperature 
of the heat storage material. 
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3.2 Pressurant Material Selection 
Selection of materials with which to pressurize the fuel and 
oxidizer tanks in Systems A and B was based on the results of testing 
conducted under the feasibility study contract NAS 9-1004, Reference No. 
1. With a specified temperature of 80°F to 120°F and pressures of 166 
psig for System A and 276 psig for System B, three materials were con-
sidered for use. These materials were ammonia, monoch1orodif1uoromethane 
(hereafter referred to as Freon 22*) and dif1uoromethane (hereafter 
referred to as Genetron 32**). Assuming an allowable variation in tank 
pressure of ! 10 percent, as can be seen from the respective vapor 
pressure curves shown in Figure 3-1 1 ammonia and Freon 22 are limited to 
use in System A and Genetron 32 is limited to System B. 
The feasibility study established the criteria of a low molecular weight 
pressurant to minimize total system weight. On this basis, ammonia 
would be preferred over Freon 22, as shown under the column headed "pounds 
volatile liquid/cubic foot propellant"in Table 3-2. However, because of 
the compatibility problems of ammonia with the oxidizer (based on the 
eventuality of leakage across the expulsion device), ammonia could be 
recommended for use only with the fuel tank. The optimum volatile 
liquids for pressurants for the systems are ammonia for the System A fuel 
tank, Freon 22 for the System A oxidizer tank, and Genetron 32 for the 
System B fuel and oxidizer tanks. However, in order to simplify system 
logistics the same pressurant (Freon 22) was used in both System A tanks. 
This resulted in a fuel tank weight penalty of 4.1 pounds. 
3.3 Heat Source Control System 
The heat source control system manages the heat addition to the 
volatile liquid pressurant. The design approach used for the heat source 
control system was based on the design experience obtained by TRW under 
Contract NAS 9-1004. In System A, the frequency and duration of the 
*Registered trademark of E. I. DuPont de Nemours & Company 
**Registered trademark of Allied Chemical Corp. 
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Ammonia 
Monochlorodifluoromethane 
(Freon 22) 
Difluoromethane 
(Genetron 32) 
Table 3-2 Representative Volatile Liquids 
Temperature 
(Op) 
96 
123 
96 
126 
90 
113 
Vapor 
Pressure 
(psig) 
185 
285 
185 
285 
285 
385 
Pounds 
Volatile 
Liquid/ 
Cu Pt 
Propellant 
0.7 
1.0 
3.9 
6.3 
3.5 
4.9 
Vapori zation 
Heat Input 
Required/ 
eu Ft 
Propellant 
(BTU) 
320 
450 
425 
675 
410 
510 
tit ~ 
Increase In 
Tank Vol./ 
Cu Ft 
Propellant 
(Ft3) 
.02 
.03 
.05 
.09 
.06 
.09 
, 
"'" 
... 
~ 
/ 
\: 
" 
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expulsion pulses is such that there is sufficient time to add the heat 
required to vaporize the volatile liquid using the water/glycol waste 
heat loop available on the Apollo Service Module. Heat is transferred 
from the heat source to the volatile liquid by means of a heat exchanger 
located on the outside diameter of the tank. 
In System B, the external heat source available was not considered adequate 
to provide the rate of heat input required during continuous expulsion. 
System B, therefore, was designed such that the hea.t required to vaporize 
the volatile liquid is supplied by heat transfer between the volatile 
liquid and a heat storage material. Under special condi ticms, i. e. , 
ambient temperature below heat storage material melting temperature, the 
expulsion ~ystem would lose heat to the surrounding environment prior to 
the time required for system operation. In order to prevent d\ecay of 
the system temperature below the freezing point of the heat storage 
material, a means of making up the heat loss to the surrounding ambient 
was provided. The tank design approach utilized in System B was to 
provide a heat exchanger and control system, operating with the lower 
temperature (l200p) Apollo Command Module water/glycol system, silnilar to 
that used in System A. 
3.3.1 Heat Exchanger 
The heat exchanger design consisted of a helical coil of aluminum 
tubing welded to the outside diameter of the tank. Sizing of the heat 
exchanger was dependent on the propellant flow conditions to which the 
unit was subjected. Design of the System A heat exchanger conforms to 
the thermodynamic relations defined in Reference 2. The heat exchanger 
configuration for System B was similar in design to the System A heat 
exchanger, except that the minimum size was determined by heat loss to 
ambient. To facilitate inte£changeability on the development program, 
it was possible to size the System B heat exchangers for the System A 
requirements. This provided a backup capability wherein System, A tests 
could be run with System B tanks. 
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3.3.2 Valve 
The flow control valve for the heat exchanger fluid was a three-
way valve to allow bypass of the fluid when there was no demand by the 
volatile liquid, as shown schematically in Figure 3-2. The valve was a 
28 vdc direct-acting, three-way solenoid valve. Because of the low 
temperatures involved, soft seats were utilized to assure minimum 
leakage. 
3.3.3 Control Circuit 
Actuation of the switch providing current to the valve controlling 
heat exchanger fluid flow was determined by sensing the tank pressure. 
When the ta~k pressure is within the desired operating region the valve 
bypasses the water/glycol flow. When the propellant flows from the tank, 
the pressure level decays. At a predetermined level the control circuit 
provides current to the valve routing the water glycol to the tank heat 
~ 
exchanger. When the heat input increases the tank pressure to the desired 
level tp-e current is removed from the valve and water/glycol flow returns 
to bypass. 
3.3.3.1 Pressure Switch 
During the pressurization system tests, a pressure switch was 
used to provide the required control. The pressure switch was designed 
with a normally open switching element which closed on decreasing 
pressure and allowed current to flow to the valve. The actuation point 
of the switch was set at 5 psi below the normal tank operating pressure. 
The pressure switch was a sealed metal diaphragm acting directly on a 
snap action switch. The diaphragm was so connected as to S~n$e 
pressurant cavity pressure. Movement of the diaphragm as a result of 
decay in pressurant pressure closed the switch contacts. The switch 
contacts opened when the pressurant cavity pressure reached the nominal 
operating value. 
3.3.3.2 Transistor Switch 
During the pressurization system tests, in which biprope11ant 
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operation was simulated, the pressure differential between the fuel and 
oxidizer tanks was noted to vary approximately with the extent of the 
deadband of the pressure switch used. This variance occurred primarily 
when one of the tanks initiated heat exchanger flow \'lhile the other one 
did not. By changing to a lower deadband pressu:r.e switch, the heat 
exchanger operation of the two tanks could be ma.de more synchronous. 
The lower deadband switch which was used in the auxiliary propulsion 
system tests was a transistor switch which operated on the output voltage 
of a pressure transducer to control operation of the solenoid valve. The 
switch had been developed on another program by TRW. In that application, 
pressure switching deadbands as low as 1/2 percent were achieved. 
Two transistor switches were fabricated for use during the reaction control 
system demonstration tests. These switches allowed operation of the 
heat control system with a deadband of approximately one psi. 
A schematic of the electronic switching circuit is sh~wn in Figure 3-3. 
The circuit utilizes an operational amplifier with positive feedback for 
voltage level detection. The output of the amplifier is used to drive a 
two-stage switch which actuates the flow control valve. The output 
voltage of the amplifier is locked at either plus or minus 5 volts at the 
base of the first-stage switch, TI, by the back to back Zener diodes, 
D2 and D3. The reference voltage on the amplifier at pin 3 is set by 
both the resistance setting of Rl, which is in parallel with the Zener 
diode Dl, and the voltage on the base of Tl. For the condition in which 
the plenum pressure of the feed system is within the required deadband, 
the output of the control transducer, which is connected to pin 2 of the 
operational amplifier, will be above the reference voltage at pin 3. The 
output of the amplifier is a negative 5 volts at the base of switch Tl. 
With a negative base, the switch will not conduct. When TI is not con-
ducting, the base voltage of switch T2, which completes the valve power 
circuit, is negative and it too will not conduct. As prop~llant is 
expelled from the tank, the output of the transducer will decrease, and 
when the voltage at pin 2 reaches the value at pin 3, the amplifier out-
put becomes positive. This causes the reference voltage at pin 3 to 
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assume a higher value which is above the voltage at pin 2. The positive 
output from the amplifier causes a positive base voltage on switch, TI, 
and it will conduct. 
When Tl is conducting, the base voltage on sf/itch T2 becomes positive and 
it is also conducting. This completes the valve power circuit causing 
it to open. Heat exchanger flow is initiated increasing the pressure 
in the propellant tank and the output signal of the control transducer. 
The potential at pin 2 of the amplifier increases until it reaches the 
new voltage level at pin 3. When it reaches this value, the amplifier 
output becomes negative and the switches become nonconducting resulting 
in valve closure. TIle diode, D4, 'is in parallel with the valve coil and 
and serves as an arc suppressor in T2 at valve closure. With the negative 
amplifier output, the potential at pin 3 assumes its original lower 
voltage which is below that at pin 2. The voltage difference at pin 3 
between positive and negative amplifier output determines the switching 
deadband of the circuit. This voltage differential can be varied by 
adjusting R2. The pressure range in the fuel tank at which switching 
occurs is varied by adjusting the pick-up position of resistance Rl. 
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4.0 PROPELLANT TANK 
This program required the design and fabrication of four 
propellant tanks with an integral bellows as the expulsion device and an 
external heat exchanger to provide the heat input during expulsion. A 
fuel and oxidizer tank were required for each system. The tank fabrication 
was subcontracted to Metal Bellows Corporation 1 located in Chatsworth, 
California. Metal Bellows manufactured the bellows capsule and sub-
contracted the major portion of fabrication of the tank shell to Space-
craft Welding and Manufacturing Company of Inglewood, California. The 
design requirements of the tanks are defined in TRW drawing, Figure 4-1. 
4.1 Tank Design 
The basic design was a cylindrical tank with essentially 
elliptical end closures. The tank utilized a welded nesting type of 
bellows capsule as the expulsion device. The end terminals of the 
bellows were designed to maximize propellant expUlsion efficiency with a 
design goal of 98 percent. The basic tank design is shown in Figure 4-2. 
The relation or tank dash numbeT to system identification is shown in 
Table 4-1. 
4.1.1 Tank Shell 
A NASA design requirement imposed was fabrication of the tank 
shell from aluminum. In order to provide a minimum weight system it 
was decided to fabricate the tank using 2219 aluminum alloy. This 
relatively new alloy has excellent fusion welding characteristics and 
is heat treatable. By heat treating subsequent to welding the weight 
penalty normally associated with a welded aluminum structure can be 
avoided in all but the closure weld. To minimize the heat affected zone, 
the closure weld was electron-beam welded. Strength values of 2219 
aluminum used in design were obtained from Reference 3. 
The design approach utilized was to provide minimum weight. This was 
accomplished by using optimum cylindrical shell thicknesses and a 
constant strength header design. The header design was of the Biezeno 
4-1 
• 
D 
c 
B 
1 
~ A 
A~Te:RNATI! 
. fHJi t·.., .H:t't.1H..JN 
PRoPtl.V.NT" PORT~\ 
PER AND lOOOlO-8 
\ 
1 
F'ROP"~L"'NT 
CAVITY 
." 
3 
---~--V''----- A& £----------'-
SEE 5PCC'FIC;"'T'OI'J 
A MMH "~ClI'A"~~: I1CJNOMETI1 1I..H~""A~IN' 
Ie., nEI\N PEri TRW spec ~2·2.. 
17. lE$TS TO BE CO,WiCTE.D BY ~UPPLle~ ; 
J. ~~OOF pge~SUR€ eXTERNAL ~i<.I\C:;£ 
Z. saLLOWs LeAK",«;;: 
", DETeRMINATION OF PROPELLANT I/OLVME 
"l. eELLOrl~ OP~RATlN~ DlrreRENTIA\. PRESSURe 
5_ e~puL5wJ EfriCIEN,y 
lID, ALL MATERIAL> OF CON5n<IJCTlON SHALL Bt !'lUAUIC. 
&AL~ SIMILAR MtTALJOINT5 SHALLt3f wELPfD,DISSIi'1ILAR 
MI:iALJOINTS,IFAUY, MAY 6E 6RA'ZED,PROVIDEDlllE' 
BRA'ZI< MATERIAL I:; COMPI,TlBLE \11TH THE 
CONTACTING MEDIA. 
~'THE: f:XTERNA<. flEAT EXCHANI:i€'R WILL BE .IRAPPEI' 
AROUND THE TNJf<. IIJ A MELICALC01L TO THe DIMEf{-
SION!> NOTED. THE Cf<P5~·~EcnoNAL SHAPE 1::-
oPl101\JI\L WITHIf.JWE LIt-\I-rs NOTED. A MII~,M\1AR"" 
OF .v)nh$REQUI~W.THC'liEAl1N" FLUID Will. BE: A 
MIXTURe OF ~Ofc, ETHYLENE c;,LYCOL At-lD 
<10 % ~~ATER AT 30 P.!olt' ,../>JP \60°F 
A -I, -2,- 3-, ~-4 "'~SEMeLIE'S TO BE; IDeNTI-
CA\. EXCEPT AS t-lO'll;b 
~ THE TOTAL PRes"suRE D'FFERefJT'IAI-
REGl\.IIR~D TO /YIOVE TIlE BCU,OHS fROM MAXIMUM 
EXTEIolDED 1.1;'1G,1}l TO 1-1lhJIMUH ::>TAc:.t<,eo LI!IolGTH 
(I,flAL!.. HOT EX'.-EED THe VALUE SPC:CIFJEO. 
THE I'Ret: l.f;:IJG,TH OF THE BEl-LOWS IS TO 
OG t'>E.TeRHINED eY THe ':;L!PPLIER 
II. r ANI< DESIGIJ 10 EXHIBIT PROPEL\."tJT EXPU~SI"_\J 
E~'rICi"NCY OF 98 PERCEfJ'r MINI HUH 
4 
A THfO ~loJO CAP OOIolFIGouRA ilON A"'t11b,IolK CONSTRUCTIOt..! 
Dl:"TAII_S ARE OPTIONAL AWD HAy [:I"VA""e:> TO SUIT 
THe SUPPLI.>:'>Ot.'SIC;tJ HI~HI'" THe. EI-NElOP(; 
COJJ$TRAlN,-s NOTt:.P 
fl. eJlTERNAL LEAKAG,E: AT PROOF PR.:SSUR& !>HALl. 
HOT EXC~ED S5'c/~R OF "A5EOU~ IJITRQ4eiJ. 
8. LEAKAG,E 1HI<OUGH BE~LO\-l5 ASSEH6lY SHA~l. Nor 
E.XCEE"O 5' SC;C/HK Of' ('"ASOOU5 ~IITRo::e:N, 
& I3ELLOI~S HA,'ERIt>.L AND HEIGtlj TO BE 
DET~RHINED eY THE SVPPlIEf';!, 
G, BEllOWS A5SeMBLY .5H~lLBE CAPi'J3~E OfH/JH$rA»DI~G 
AI'I1ESSURE DIIT'I':RENTIAL Of25PSI HHew 
Ai 'THE MAX t XTWOED LtNGTH At.!D A T'RES5u R, 
DIFFER ENTIAL or '2'20 p,j I Fal< -I {-'2, Ali(J 
:3SO PSI FOR -31-4 AT MIN S-TAC.K'!;V LF:/Jcnt 
&. 6ELLO,",S S/-iAlL6E CAflOJ3lE: OFOPEI<I'>TIOIV IIJ T~~ 
VARIOuS COH61~~TI0t.!5 OF OPERATI~"i HEPIA fC(7. A 
1111.1 OF 1000 C'l'ClES FROH MAX EXTE'JOEDIElJGnI r~ 
MAl< 5TAC~eD lEIJGTH TO MA~ EXTEt.!DED LENGTf< v/TH-
OUT FAILURE. E~PUL'lIOJJ R"'.E HILL BE (5TI\8ll$I£D 
1'0 rHPJ)' THE TAtJl< IN fiVE MINUTE~. 
& MINIHuH PROFELLAHT C:AVrT'1 \CUlHE SHAL~ 1If. 
AS NOTED AiJD ~HA~Lee HIT~,iJ THE. ENVELOpe 5IIoHN, 
£ TAW( MAT L SHALl. eE 221'3 .d,LUHINUH AW)y 
P!;R HIL-A-8920A. HlfoJ STRE~Ttit'FTER flELDl1Jci 
!i>t1ALL i3e EqulvALeWT TO TI!ATOe'AINED IlJlltAT 
TR"AT ~OI.lPfTIO" T67. PoR HIL-H-60SS 
Z.C;"ERATII~tq TE'.HPE.RATURE. RANGE aciF TO 120"F 
&nXNTIFICIITlotl MARKING IN N:o.'iRDANc:E WITH fill. me, l'R 12·1 
TYPE.lI:-...r..t.Af,s..LA..PART NUMBER_f.,J::rrIE, LOCAXIQJ':{ OeM 
NOTES: UNLESS OTHERWiSE SPECIFIED 
FOLDOUT FRAMfI 
I3Hl.Ow.;. Uf'i;UAifN<.} 
"IFf ""cNml p/?ess. 
PRoPELloANT 
PRESSURANT 
DIHE:"l5101J A(IN) 
eE~LOH'" )'\ATEIO.'IAL. 
TA"lK MA1"EP.IAL 
f'1"ll,"Tl:ITAL Sf$'j' WCIGjl1f 
BELLOWS, IooIEIG;HT(le) 
6URS, PRE:;SURE 
PROOF PI?ES5URe-
WORI"I"'" Pl<'ESSURe 
PROPELLANTVOWI1E 
)~;:,SV DASH /o..Jo, 
5,S Pst 4.5 P~f :3 .. S ''''1 3.0 P~I 
""°1 AE~OZlt-JESO 1>1.04 MMH&h fR£ONl:2. FRfioIJe2 GENtTROIJ~2 GEM;n;oU32 32ii Z6it 2°'H 17'Sh '7 • 
;3 '-2%Le 24'A 23.G loB fA 20,£ 
4!:>OPSIA 4S0P'!;IA 7ZSPSIA 125 PSIA 
::lISPS!A :'\IS[>$IA SIOP!.f" 510 PS;A 
ISI/':;IA 161PSIA e!lIPSIA 1l'31 p51A 
28401",3 Z2G!5" ''''~ 1'('60IN3 1440 ItJ~ 
~I 
-"2, -3 -4 
S PECIF1C.o,TIQNS: 
2 
HE"," ~~I:~I"J'~E'I" 
POf';!T PeR 
\ , 
\\ 
--2 
_____ PRESSURAfJT ,Ill PORT 
PER AtJD IOO:;'O ... ~O 
H~"'T IrXCHAIJ,,!R 1J.Jl.Er 
pQJ;!T ~R AND 10050-4 (TYP.' 
I 
SP Eel FI CATIOt\l 
~. ;'.$ P!>I 3.0 P~l 
'N£5O fJ.O~ MM H~ 
I GG GENtTRON ~~ GEI£{1a)1J.32 
~ ~O'h 17.5h 
.6 2'1," .EI 20.'\ l6 
i Iv. &:;. 
'SIA 7ZS PSIA 125 PSI" 
,,'A SIOPSI" 51 a PS1A 
!)\A Z9\PSIA 2'9' PSIA 
",3 17;'0 IN.! \44 a IN' 
, -;?, -4 
F I C.ATIONS : 
I III I I 
ReQO Pt~ NOTED r-SSY 
CONFIGURATION 
PIoA"fO. 
UNLESS OTHERWISE $PECIFI[O 
1 Plj,!(t;S~l'!i'n'fO\."!..I./<Iell;llpul 
UI~Stll4, ' 
2 tntAtHStCIlSlfllfitHES )OUII,,"'nl! ' ,XU"'t.ol~ 
,l.1I,OlU:tO' *' "~3~~ 
3 SID 1l0U: lPUII"'~t!; PUI M.DI~V.· 
4 ~~~.~~~iJ~ ~~\r,;fEII "~UI1i3 (lR 
5 RUtO'IteUAat"sll~AI'fDGn. 
.-~ __ .,-___ -l6 ~~:~~t~ "~1~~lD. V 
6.,..,..-4_----1 ~ !~:~ !::f~i:::,I~~I" A ",~,,:;.' .;:~a"'·-Z.::;.,-4-----I9 W~~~n:[I"'I~ 110-', IlIL·S1"'" 
I"-'A"'P"'rL;;IC";A''''Lt~5P'''t'''C'''''C'''A''TIO'''";;;"s-lIOil~r:~~~}c~ ~m~"~t:;~}~l'~L' 
:~IJM~hll'l~H',':ftl[)o:l~,~lC." UIL-!lID'11" .~l.$UII'-
2 
tt[AT1RtAt 
fA 
.c 
1 
Jif.Y1SION$ 
r"", .,. Ql'tJllnl(llrj 
CO~TROL DRAWING 
OtSCRIPT10N 
LIST OF MATERI~LS 
+ 'r-
r-i +-_. 
'" I woe oll'lln". ~~r IPlIlT I flO, 
1 
" 
Figure 4-1 Tank Assembly Specification 
FOLD/OU:: . F&1'1l:IT 
Control 
4-2 
) 
c I 
J ~ 
et.:l .. ~ ........ 
D 
.-< 
I 
c 
B 
Drawing 
------------~-----------------------------------------4·'B# 
tI4~~-------------------------------------------------(;I"') 
,."OPELLANT .. 0",. 
PIlR "ND 100"0 -. 
'II.CI'PT ... 5 .HOW~ 
HEAT E~CH""NGE~ OUTLET ! 
PORT PER 10050-+ I 1----------- .0 ':!: .50 ---,...------..;---1 
, £E'LEC,'iRON BEAM WELO-IOO"!, f'B.I""T~I>o."'\ON )I. .oso WIO~(""Io.~) 
'; . An' .... 'Os WILL. BE ~Or.:.KWIR~O TO ITE'M '\-9 OR !SO • 
.. Ie"''' E~C~jlo,.N~'lR FLOW ARE',." r, 03 INa. MI N. 
, 'ROPf.LL.,."NT E)l.PUI..t.ION £f'FIC.\ItIo.lC'«,_.,.. MIN, 
6, w.. ... LE"K ... C.IE: 
, ~C."01io_ .5L.LOWli· 5 S~C'. WRN .. "', .0..'" .. '" "'61 OR i:CiIUIVI, 
£XT£R ...... L.·~ SCc. IIR ~I "',. .0..", .. PROOl' PRE!fa~, OR, EQUIV • 
.. • c.I.L.OW~ SH,."L.L. as C'.M" ..... '.LE' 01'" Wlil-\&TA.NQiNGo A AP 1';.'" NO"T£O 
W~5.N "T MAli. u,,£~o£o LIHJ~"TI-\ &0. jlo,. AP OF a2.0 P£>I ,.OR-IIo-" 
, "ND aso .. 10. FOR -~a...~ A.i MII\I &"T""C.~l£b HE\G~"T. 
4.UF'E: ~o C'.'(c:.L.e:,. 
'. I qPSR"~'NG~ •. {Cit: 80·F"T0 11.0· .. 
..... f:W , KIli'TCHD. TOOL MAM •. 
' •• ~ ... 'I. ~".' 
. 'r 
(REF) 
I •• 
_-.L. _______ -'-111-~-
--f: 
--~---~~ ~----:.-------~--------,.------
WALL TII\C.KN~S5 S. At-,I'TI-Sp..c" 8,IN<':::' 
M!.OVIi C.EN"ERLI\-IIL ARE I-"'OR -I ... 2. • 
e..LLOWl> ~\\OWN ;:~ ,[NO.C 
PRESIioUR"~T POR ( 
PER ,,~o \oo.o-ao 
E--'C.I:PT ...... ~\\oWN 
A 
~~~~~~~---~~l 
D~I:oH NO. -I 
-a ::AN1~~~L iJ'~E~;"'~ ':'aeoo-= = ._-2.? ~s 
,~ PRESSU~~' __ Illi 1":>1". ~.PSI.'" 
PFlEEo&UR.~ 31(1'51" 315.PS\" 
~SUR~ -_.- 4i5Op~ _~=OPSII'I 
'IS-WEI GH,!.~Pljff.-I '·~.1.\ .• 5' ~',~le.~ 
,,_,< WEIGH; (NOM) 'j;Z''C''ltT i. I LIl~ 
,t~ INCH,:. ,'RE:F) 329 1!1.~ 
!B />..hI'!_._",. __ ~~'~7~ FREOl-a? ~Lp..NT 111..0" ifRo'Z'~& IS, OPERo\T~AP !!iPSOI S PSI 
~.~~\:..~~_ c.~Piol e.1> PfoJ 
E .... ;:, E'tCH C:-c?LL_~ _-=;,5_ '. ' 4 '._ 
:";','25 {J1'!.:l-_ 34:..9~ as."" 
.:1..::- __ :........... _ • ___ .~ 
-:!, -..,. 
1''"0 1"0\0 
," PSI .... 2,91 PSI'" 
SIOP!>I';' SlOPS'''' 
1,5 PSI'" '1i?~ PSI" 
~!~~8~' ,\.31.65 
'~~ i!~).~ Z2!:9 19,7 
~.~1F:C\l:;<' C;U«..TROIIU 
Nl.O" MMII 
SP","I !;PlOi-
25 PSI aSPlO1 
_ , ,3 ••.. _.c;. .,, _ 
204.BB a\.68 
I 
-J 
A 
Figure 4-2 
~.''':'t,;, 
,41 
(R.~') 
HI<:AT E')I.C.H .... NGER 
INLET POR.i 
OUT LET POR,. (F "C.IlIe. 
V\EV\. A-A 
01"1"0&,\'1.) 
Tank Assembly Design Drawing 
4-3 FowOtmw.A. ~ 
.. 
construction as defined in Reference 4. This allowed the headers to be 
nearly the same thickness as the tank shell. The headers were fabricated 
by hydro£ormiilg from flat sheet stock in lieu of using forgings. 
The only 2219 sheet material available in the gages required for the tank 
fabrication was clad with 7072 aluminum alloy. Representatives of 
Alcoa advised that very little, if any, degradation of strength occurs in 
welded joints using the clad material. A series of weld test specimens 
was prepared usin,g the same manufacturing techniques and sources used in 
manufacture of the tanks. These specimens were tensile tested to verify 
the strength levels expected in the completed tanks. 
4.1. 2 Bellows 
An encapsulating bellows design was utilized. The bellows was 
manufactured with two full dome headers. The stationary header which 
was fastened to the tank assembly incorporated the propellant fill 
fitting. The fill fitting protruded through the aluminum tank header 
and was mechanically attached to the tank. This design approach provided 
all welded joints between the pressurant and propellant cavities. A 
mechanical redundant seal joint was incorporated between the pressurant 
cavity and ambient. The material selected for the bellows was 347 stain-
less because of its well defined manufacturing characteristics in 
bellows fabrication. 
The design approach used to allow horizontal operation consisted of 
segmenting the bellows by providing several stiffening rings in the 
weldment to break-up the unsupported length of the bellows. Contact 
with the tank wall was provided by a series of nylon buttons in each 
insert ring. This design, however, proved troublesome in the System A 
tanks as described in Section 4.1.4. A summary of the bellows design 
parameters is shown in Table 4-2. 
4.1. 3 Heat Transfer Analysis 
A thermodynamic analysis was conducted to optimize the heat 
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exchanger design for System A tanks. The analysis was based on the 
following system requirements and conditions: 
Heat exchanger fluid 60% ethylene glycol 
40% water 
Flow rate 0.0278 :0.0166 1b/sec 
Inlet temperature 160°F :!:20oF 
Pressurant Saturated Freon 22 at 166 psig 
The average pressurant heat input requirement is a function of the rate 
of change from a liquid to a vapor phase and may be expressed in terms 
of the average propellant f10w'rate as: 
where: 
~h 
H = ~v W P 
H = heat input Btu/min 
~v = change in pressurant specific volume from liquid to 
vapor phase ft 3/1b 
~h = pressurant heat of vaporization Btu/1b 
W = average propellant flow rate ft 3/min 
p 
The propellant conditions are the following: 
Fuel~ Aerozine 50 
Pf = S6.1 1b/ft3 
Maximum flow rate, 0.444 1b/sec 
System A 
Oxidizer Tank 
Fuel Tank 
System B 
Oxid~zer Tank 
Fuel Tank 
Table 4-1 System Tank Part Numbers 
TRW Part No. 
110835-1 
110835-2 
110835-3 
110835-4 
4-5 
Metal Bellows 
Part No. 
57218-1 
57218-2 
57218-3 
57218-4 
~ 
I 
~ 
, 
~ 
r 
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Table 4-2 Bellows Design Parameters 
Outside Diameter (in.) 
Inside Diameter (in.) 
Effective Area (in.2) 
Stroke (in.) 
Number of Convolutions 
Stroke/Convolutions (in.) 
Plate Thickness (in.) 
Solid Height/Convolution (in.) 
Number of Spacer Rings 
Thickness per Spacer Ring (in.) 
Solid Height (in.) 
Spring Rate/Convolution (lb/in.) 
Free Length/Convolution (in.) 
Free Length (in.) 
Segments Weight (lb) 
Capsule Weight (lb) 
Oxidizer, N204 
P = 90.2 1b/ft3 
o 
System A 
Oxidizer Fuel 
12.50 
11. 50 
113.1 
24.8 
118 
0.21 
0.006 
0.021 
2.48 
1630 
0.192 
22.66 
.1 
14.44 
12.50 
11. 50 
113.1 
19.8 
94 
0.21 
0.006 
0.021 
1.97 
1630 
0.192 
18.05 
6.5 
12.70 
Maximum flow rate, 0.888 1b/sec 
Pulsing frequency, 0.020 sec/min 
System B 
Oxidizer Fuel 
12.50 
11.50 
113.1 
15.6 
74 
0.21 
0.006 
0.021 
2 
0.15 
1. 85 
1630 
0.192 
14.21 
5.0 
10.88 
12.50 
11.50 
113.1 
12.7 
60 
0.21 
0.006 
0.021 
2 
0.15 
1.56 
1630 
0.192 
11.52 
4.1 
9.62 
Based on the above propellant conditions and pressurant properties from 
Reference 5, average pressurant heat requirements are: 
Fuel Tank 
75.5 H = (0.02955 ~ 0.01369) 
4-6 
0.444 x 0.020 
56.1 = 0.042 Btu/min 
d" 
~L 
... 
Oxidizer Tank 
H = (0.02955 - 0.01369) x 
75.5 0.B88 x 0.020 
90.2 = 0.053 Btu/min 
In the heat transfer analysis conducted, the following areas were 
investigated: 
(1) Heating Rate Analysis 
(2) Heat Exchanger Design 
(3) Conduction Analysis 
(1) Heating rate requirements for the volatile liquid expulsion system 
were determined using the following model. 
Consider a typical "T-S" diagram (shown in Figure 4-3) and assume 
that the system stays close to its design range specified by the 
coordinates for pressure and temperature. The cycle 1-2, 2-3 will 
adequately describe the physical model within the limits of the 
following assumptions. 
From point (1) to point (2) 
If (Pl-P2) is small; i.e., the process would be performed in small, 
~ P changes. With ~S = 0 and ~P small, it may be assumed that the 
quality at point (1) is equal to the quality at point (2). The work 
done in expelling the propellant from the tank from (I) to (2) is 
equal to the change in internal energy of the volatile liquid. But 
for small volume changes (short duration firing with low propellant 
flow rates) of the pressurant, the change in internal energy of the 
liquid may be described by the change in its enthalpy. 
= = 
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Figure 4-3 Pressurant Thermodynamic 
Di,agram 
F.igure 4-4 
D 
Length For 
Helical. Wra.p 
Fuel 26.0 in. 
OX 32.0 in. 
Isothenn a. 
Exchanger 
Heat Exchanger 
Configuration 
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To return to point (3) heat must be added to the liquid and vapor 
while the volume is held constant. The heat added may be 
approximated by the change in enthalpy from (2) to (3). The total 
additive heat requirement may be found by repeating (1), (2) and (3) 
until the propellant supply im exhausted. 
The specific enthalpy change for the first cycle is 1.66 Btu/lb and 
the total enthalpy change is 9.61 Btu/lb. This energy must be added 
to the liquid and vapor at a rate determined by the average 
propellant flow rate. TIle minimum required heating rate is 0.05 
Btu/min. 
The total time, sum of the 0.02 second pulses, required to drop the 
pressure to the sensitivity level (~P ~ 5) of the transducer was 
1~72 seconds. The time required to exhaust the complete supply 
of fuel at the highest flow rate was 145 seconds. Therefore, the 
number of ~p = 5 psia cycles required to expel 64.3 pounds of fuel 
is 84.4 and the total heat addition requirement is 810 Btu. 
(2) The energy source for the volatile liquid is a glycol/water heat 
exchanger with the capacity to deliver 0.05 Btu/min. The heat 
exchanger must be designed in such a manner as.to heat the liquid 
and vapor uniformly within a fixed time interval. 
The required surface area may be found from, 
where, 
fi = 
hI (f;)VC)L + hv (PVC)" 
( PVC) L + (P VC)v 
4-9 
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and for turbulent-free convection, 
1/3 
which is the energy equation. Assuming the limiting boundary conditions 
for the system, maximum propellant flow rate and minimum heat exchanger 
flow rate, the minimum required heating surface area for the fuel tank 
is 22 in. 2, The calculation procedure may be modified to include heat 
loss to the atmosphere by using 
where 
= 
11 ~ h . 
a~r 
AS = uncorrected value of surface area 
1 
AS = increased surface area to accommodate convections heat loss 
2 
hair= heat transfer coefficient for air 
The required minimum heating surface area then increases to: 
= 24 in. 2 
LH (length of heat exchanger) = 48 in. 
for the fuel tank. 
These design values were increased to ensure proper operation of the 
system during testing. A minimum heat exchanger contact surface area 
of 100 in. 2 was used. 
The analysis was performed on the fuel tank. By scaling the results, an 
estimate of the requirements for the oxidizer tank heat exchanger may be 
determined. 
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The ratio surface area of the heat exchangers for the tanks is proportion-
al to the rate of change of pressurant volume and the masses of 
pressu'l;ant to be heated or, 
AS • 
ox = wox Pp 
Asp -.':";;";;"~ 
wp Pox 
wpox 
wpp 
Using the above relation and adjusting to the difference in lengths 
betl'l'een the tanks 1 A2 = 136 in. 2, LH = 272 in. 
(3) An investigation of the temperatures of the tank w'al1 along 
isotherm ea) (Figure 4-4) and at the heat end of the tank gave the 
following results. 
Using the relation 
T = 
a 
A KT T. + 1.083 A h TL 
Cln 
the wall temperature along (a) was found to be llOoP. 
For the head end, the temperature will be between atmospheric 
(70 0 p) and operational volatile liquid temperature (gO°F). This is 
equivalent to stating that the heat exchanger's energy will 
dissipate within a short distance from the water/glycol plumbing. 
Consider the analysis for isotherm ea) which had two 180 degree 
energy sources located 2 inches away and had a temperature of 110 
degrees. Por the head end, there is only one sourCe and it is at a 
minimum distance of 4 inches from the area of analysis. 
4.1.4 Design Problems 
During initial loading of the System A fuel tank, a failure of 
the bellows was experienced. Both sides of the bellows were evacuated 
and the initial quantity of propellant was to be loaded by slowly 
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opening the flow contTol valve and aJlowing a very small flow Tate to 
occur. During evacuation of the propellant portion of the system, a 
short section of line between the solenoid shutoff valve and the flow 
control valve inadve~tently was not evacuated and a small amount of Freon 
11 remained in the line. The solenoid shutoff valve was then energized. 
The entrapped Freon 11 (approximately 30cc) vaporized resulting in a 
relatively loud impact noise in the tank. A subsequent examination 
indicated a leak across the bellows. The tank was returned to Metal 
Bellows Corporation for disassembly and eJl';amination; report of this 
inv~stigation is presented in Appendix A. 
Initially it was believed that vaporization of the small quantity of 
entrapped Freon 11 had imposed a dynamic shock load on the bellows and 
that the damage had occurred when the bellows cam~ to rest against the 
strops. However, examination of· the tank shell and the nylon suppor.-t 
buttons (Item 30, Figure 4-2) in the bellows stiffening rings (Item 29, 
Figure 4-21 indica.ted that excessive rubbing had occurred bet\'leen the 
tank and the buttons. From the position of the bellows on disassembly, 
it appeared that the bellows had "hung up" and tipped during the fast 
st:coke caused by the vaporizing Freon. This hang up tendency had been 
noted during the acceptance testing of the System A fuel tank. TIle 
bellows appeared to "walk" down the tgnk during the fill cycle. Because 
of cycling difficulties encountered during testing, the nylon button 
support was not considered adequa.te for the System A tanks. 
To adequately guide and support the bellows capsule in the System A tanks 
during horizontal operation, six longitudinal glass-filled Teflon strips 
(Item 61, Figure 4-2) were added to the tank shell. The strips were 
machined after bonding to the tank, to pTovide a diametra1 clearance of 
0.030 inch with the bellows capsule outside diameter. The strips 
extended as close as possible to the electron-beam closure weld. In 
order to provide a lead-in ramp and prevent naHg up of the bellows, 
the exposed end was scarfed for a distance of approximately 3 inches. 
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The stiffening rings were removed from the System A capsu.le assemblies. 
With the close fitting machined diameter, the anti-sag rings were no 
longer required. A design revision was also made for the System A tanks 
in the area of the electron-beam closure weld. Metal Bellows Corporation 
experienced considerable difficulty in removing the waviness of th€ tank 
shell resulting from heat treatment. The maj ority of the diffi~'"~'Jl ties 
they experienced in electron-beam welding was a result of this problem. 
The design revision consisted of 'removing the reinforcing ring and a 
portion of the tanfk shell and replacing this with a tapered machined 
ring (Item 44, Fi&".re 4-2). This revision was incorporated on the dome 
only in the fuel tank and on both the tank shell and the matching dome 
in the oxidizer tank. These rings were machined subsequent to heat 
treat to provide a proper joint configUration for electron-beam welding. 
4.2 Tank Assembly Fa..brication, 
In manufacturing the tanks, relatively minor difficulty was 
encountered with the bellows fabrication. However, several problem areas 
w.ere encountered in processing and fabricating the tank shell. A 
completed tanka.ssf:mbly is shown in Figure 4-5 installed in the system 
test holding fixture. 
4.2.1 Bellows Assembly 
Fabrication of the bellows capsules by Metal Bellows proceeded 
satisfactorily with very few problems encountered. The bellows con-
volutions were fabricated from type 347 stainless steel and the headers 
from type 321 CreSt A typical convolution outside diameter weld bead is 
shown in Figure 4-6 and an inside diameter weld bead is shown in Figure 
4-7. A spring rate test was conducted on the first segment assembly 
completed. A completed bellows assembly is shown in Figure 4-8. 
4.2.2 Tank Shell Fabrication 
- ,-------------
In accordance with the NASA design requirements the tank shell 
was fabricated from aluminum. Aluminum alloy 2219 was selected as the 
basic tank shell material. Because of limited manufacturing experience 
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with 2219, some fabrication difficulties were experienced by the tank 
fabricator, Spacecraft Welding and Manufacturing, dur.ing manufacture of 
the tank shell. 
In order to form the 2219 heat exchanger tube to the tank contour it was 
necessary that the material be in an annealed condition. Attempts to 
resistance weld the annealed heat exchanger tube to the tank cylinder 
resulted in the presence of microcracks in the weld bead, particularly 
in the System B tanks where the metal thickness ratio was in excess of 
3 to 1. It was felt that satisfactory welds could be obtained if the 
material was in a heat treated c;~ndi tion. HOHever, the amount of 
\\Tarpage expected in the heat exchanger tube from the heat treat cycle 
would r~sult in an excessive gap condition for resistance welding. 
Sample fusion welds were attempted to determine the amount of weld 
distortion that would be experienced. In the System B tank no distortion 
was evident on the ID of the tank. However, in the System A tank, weld 
shrinkage from the fusion weld path caused a slight waviness in the tank 
shell. This condition was not expected to adversely affect the hellows 
cycling performance as there were no abrupt changes in contour and the 
total amount of waviness was small (0.020 in.). Fabrication proceeded 
using the fusion welded design. 
Because of unavailability of 2219 bar stock, 6061 aluminum was 
originally substituted for 2,~19 for the end fittings. The weld attaching 
the 6061 end fitting in each dome developed multiple cracks. Subsequently, 
a limited quantity of 2219 bar stock of the proper size to allow 
machining of new bosses was located and a change was made. 
For the final trim operation prior to making the closure weld, plug 
type tooling was used to remove the out of round condition and waviness 
resulting from the heat treat operations. When the'tank was installed 
in the weld tooling, the external strap-on weld fixture was found to be 
too flexible to remove the waviness and out of round condition in the 4 
tank. 
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New strap-on tooling was fabricated which was sufficiently rigid to 
restrain the tank around during the machining operation subsequent to 
heat treat. The too15Lng then functioned as the weld fixture during 
electron-beam welding to maintain the tank in a round condition during 
the weld process. Prior to installing the tooling, the tank and dome 
were rolled in the a:cea of the reinforcing to remove the majority of the 
waviness resulting from the heat treat cycle. 
4.2.3 Fabrication Problems 
The initial System A oxidizer tank collapsed while in the process 
of evacuation for leak testing (see Figure 4-9). Although the tank had 
previously withstood this operation with the skirt unsupported, the 
replacement of the end fitting in the opposite end dome was believed 
to have caused the unsupported skirt to go slightly out of round, 
reducing the hoop strength. On all subsequent units a support disc was 
inserted prior to evacuation. A stress analysis assured that, in an 
operational configuration, each of the tanks possessed adequate margin 
against collaps(~ during evacuation. 
A bellows failure occurred at Metal Bellows Corporation during pre-
acceptance leakage testing of the System A oxidizer tank. Both sides 
of the bellows were evacuated to allow helium leak check. The vacuum on 
the outside of the bellows only was then vented to atmosphere which 
created a 15 psi differential across the bellows. The high dynamic 
energy imparted to the bellows during the fast stroke resulted in 
twisting and warping of the bellows assembly upon impact of the two 
headers. Two of the bellows segments were damaged. 
During proof pressure testing, a rupture o~curred in the System A oxidizer 
tank shell. Failure occurred at an internal pressure of 210 psig, which 
is less than 50 percent of the required burst pressure (450 psig). The 
failure occurred in the tank dome to which the bellows capsule is 
attached. As shown in Figure 4-10, the failure occurred in the 
approximate area of the angle clips \\'hich are installed in the dome to 
provide a support for the bellows. 
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of the bellows in the expelled position. The presence of the leak in the 
tank was considered to be the result of a manufacturing defect. Since 
this tank had been subjected to several rework cycles during the initial 
assembly" the leak was believed to have been a result of the repair 
techniques used in the tank rework. The tank was subsequently flushed to 
clean the residual N204 out of the system and was then placed in storage. 
A design change will be required on future tanks in the bonding 
techniques of the Teflon guide strips to the tank shell. 
At the completion of the pressurization system propellant testing, the 
four propellant tanks were placed in storage. When the System B tanks 
were removed from storage for incorporation into the engine test stand buildup 
the System A tanks were inspected at the same time to ascertain their 
condition after an extended storage period. Corrosion damage was 
discovered on the System A oxidizer tank in the area of the heat ex-
changer outlet fitting as shown in Figure 4-11. 
The results of the contamination noted after the extended storage 
indicated residual N204 was apparently entrapped in the bellows convolu-
tions. This subsequently reacted with moisture in the air and formed 
nitric acid which in turn attacked the tank shell. 
Prior to conducting the auxiliary propulsion system tests, a gaseous 
nitrogen leak test was conducted to verify the integrity of the System 
A t,ank bellows assemblies. Nitrogen was introduced into the inside of 
the bellows capsule at a pressure of 5 psig. This presstlre extends the 
bellows to a fully open condition. The tank pressurant port was then 
monitored for leakage. The oxidizer tank was found to be satisfactory. 
The fuel tank, however, indicated a nitrogen leak rate of approximately 
300 cc/min at STP. 
The tank was returned to Metal Bellows Corporation for determination of 
the location and cause of the leak and appropriate corrective action 
where the tank was cut open. The failure analysis report included as 
Appendix B described the location and cause of the leak as determined by 
Metal Bellows Corporation. 
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The design change which added the guide buttons on the end terminal to 
supplement the guide provided by the buttons on the support ring was added 
after the capsule assembly for this tank had been completed. The 
relative locations are shown in Figure 4-12. In order to hold the 
assembly during the welding operation the bellows was clamped in the 
stacked position. Local burn through during attachment of one of the 
guid~ button pads resulting in fusion of the adjacent convolution 
diaphragm to the movable header. The local restraint of the diaphragm 
caused an excessive stress concentration during cycling which resulted in 
failure. 
It is not known when the failure actually occurred during the approximately 
7S cycles accumulated on this unit. No evidence of leakage had been noted 
during the test program to that point. Metal Bellows advised that this 
condi tion could not exist on the fJther tanks because the guide button 
pads were welded to the bellows header prior to .capsule assembly. 
, ' 
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END TERMINAL GUIDE BUTrONS 
Figure 4-12 Nylon Guide Buttons, Bellows Capsule 
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5 .. 0 COMPONENT EVALUATION 
Component and subsystem tests were conducted to demonstrate 
compliance with design specifications prior to final assembly of the 
full scale system hardware. A ~llows segment was tested to determine 
the spring rate expected. Weld specimens simulating the various weld 
joints in the tank were tensile tested. The pressure swit,ch and solenoid 
valve were tested individually and jointly to assure proper flow control 
of the heat exchanger fluid in response to changes in pres sur ant 
pressure. Completed tank assemblies were subjected to proof pressure 
tests and bellows pressure differential to assure conformance to design 
requirements. Volumetric and expulsion efficiency were determined for 
each test tank. Volumetric efficiency was determined by the ratio of the 
amount of propellant remaining in the tank after expulsion to the total 
amount of propellant loaded. 
5.1 Expulsion Tank 
The expulsion tank evaluation was divided into three series of 
tests. A series of weld tensile tests was conducted to verify the 
strength levels expected in the finished tanks; spring rate and cycling 
tests were conducted on the bellows segment and capsule; and finally, 
an acceptance test was conducted on each completed assembly. 
5.1.1 Weld Tensile Tests 
A series of weld tensile samples were made which duplicated the 
hutt weld joints which are heat treated subsequent to welding. In 
addition, samples of the parent material in the heat treated condition 
were tensile tested. These tests verified that the use of a liquid 
nitrogen quench, instead of a conventional water or oil quench, to 
reduce warpage, did not adversely affect the material properties. 
The stress values obtained during the first series of tests were all 
within estimated strength values for the 2219 aluminum and in all cases 
exceeded the calculated stresses of the tank design. The calculated 
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stresbes are as follows: 
0.100 aluminum (System B) 
0.063 aluminum (System A) 
'II 
Proof Pl'essure 
34,900 psi 
35,100 psi 
Burst Pressure 
49,700 psi 
48,700 psi 
The weld samples duplicated the tank weld configuration shown in 
Figure 5-1. 
Figure 5-1 Weld Configuration Location of Test Samples 
The weld specimens, as shown, represented the following joint are~\s: 
Sl parent material 
S2 - girth weld joining the dome to the ~ylinder 
83 longitudinal welJ of the cylinder 
8
4 
_ weld joining the ports to the dome 
85 - electron-beam closure 
86 - heat exchanger fillet 
In evaluating the electron-beam closure weld, two sets of test coupons 
were prepared. The first set of coupons was of the standard configuration 
as shown in Figure 5-2. Fracture occurred outside of the reinforced 
area. This test indicated that any failure would occur in the basic 
tank shell rather than the closure weld. In order to determine the 
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Electron BE~em Weld 
'- Zone of Fracture 
Figure 5-2 Closure Weld Tensile Specimen -
Failure in Parent Metal 
Electron Beam Weld and 
Zone of Fracture 
Figure 5-3 Closure Weld Tensile Specimen -
Failure in Weld 
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actual stress level of the weld joint itself, revised test specimens 
were prepared as shown in Figure 5-3. Results of the weld tensile tests 
are listed in Table 5-1. 
.. 
F~ilures during fabrication of the System A oxidizer tanl\ resulted in 
the tank being subjected to three heat treat cycles. The material 
manufacturer, Aluminum Company of America, recommended that 2219 clad 
aluminum, of which the tank shell is made, be reheat-treated no more than 
one time. They indicated that dispersion of the clad material into the 
base metal resulted in degradation of the material tensile properties 
with repeated heat treatments. Test coupons were cut from the tank shell 
during the end trimming operations. These test coupons were subjected to 
the heat treat cycle with the tank shell and were tensile tested fo~ 
determination of the properties expected in the tank. 
As was expected, some reduction in the tensile properties of the tank 
shell material was evidenced. The results of the weld tensile test 
coupons are shown in Table 5-2. Specimen A and B were control coupons 
of previously unheat-treated material used for the new dome. Specimens 
C and D were taken from the reworked tank shell. 
The tensile values obtained from the tank shell mate~ial were lower than 
the calculated tank stresses as shown in Table 5-3. The proof pressure 
corresponding to the tensile data was still considered to provide an 
adequate margin over the working pressure of 180 psia: The burst 
pressure level provides an even greater margin over proof pressure. 
The decision to use the tank with a lower level of proof pressure was 
based on preliminary information supplied by Metal Bellows. They, 
indicated the test results of the base metal coupons had satisfactory 
properties. This led to the conclusion that the repeated heat treatment 
cycles had slightly degraded the tensile properties of the tank shell. 
However, a subse-Auent comparison with the test data on the original 
base metal specimens (reference Table 5-1) showed that the tensile levels 
of all the new coupons were lower than anticipated. 1his indicated that 
5-4 
- .. -~-- - ........... ;;;;;: .... ,._, 
~ 
., ";, 
VI 
I 
VI 
/. ...... 
"~~C1 
~pecimen 
No. 
2-A 
2-8 
2-C 
I-A 
l-B 
l-C 
l1-A 
I1-B 
11-C 
1 
2 
3 
Control 1 
Control 2 ' 
HE-l 
HE-2 
HE-3 
C-l 
C-2 
C-3 
C-4 
C-5 
C-6 
. 
* 
• ''Uf -
Area 
Size 
(in2) (in) 
.525/.100 .0525 
.527/.100 .{)S27 
.530/.100 .0'530 
.530/.100 .0530 
.520/.100 .0520 
.524/.100 .0524 
.532/.061 .0325 
.528/.061 .0322 
.525/.061 .0320 
.520/.062 .0322 
.520/ .062 .0322 
.522/.062 .0324 
1.065/0.062 0.0660 
. 
1.020/0.062 0.0632 
0.960/0.100 0.0960 
0.915/0.100 0.0915 
0.915/0.100 0.0915 
; 0.505/0.102 , 0.0515 
0.510/0.102 0.0520 
0.510/0.102 0.'0520 
0.142/0.210 0.0298 
0.164/0.210 0.0344 
. 
0.170/0.210 0.0357 
** 
Table 5-1. Tensile Test Data 
-, 
* Yield 
* 
Ultimate 
Load Yield Load 
(lbs) (psi) (lbs) 
1,880 35,810 2,830 
1,945 36,910 2,875 
1,985 37,450 2,870 
2,050 38,,680 3,015 
2,035 39,130 2,965 
2,020 38,550 2,987 
1,205 37,080 1,775 
1,190 36,960 1,750 
1,190 .~7 ,190 1,767 
1,140 35,400 1,705 
1,140 35,400 1,685 
1,140 35,190 1,700 
2,390 36,210 3,000 
2,200 34,800 3,360 
3,725 38,800 5,075 
3,500 38,250 4,850 
3,500 38,250 4,825 
1,800 34,950 2,703 
1,920 36,920 2,707 
1,865 35,860 2,745 
920 
1,063 
1,183 
~ , . - '-q 
f :::--\ 
~ -':I 
Elon-** Weld 
Ultimate gation Configuration 
(psi) (%) (Fig. 5-1) 
53,900 8.5 S-2, S-3 
54,550 10.0 8-2, 8-3 
54;;150 8.5 8-2, 8-3 
56,890 12.5 81 , 
57,000 12.0 51 
57,000 13.0 81 
54,620 11.5 81 
54,350 11.5 81 
55,220 11.5 Sl 
52,950 9.0 S-4 
52,330 6.5 8-4 
52,470 6.5 8-4 
53,030 11.0 51 
53,160 14.0 SI ~ 
52,860 14.0 S-6 
53,000 14.0 S-6 
52,7:';0 15.0 8-6 
.. 
52,490 8-5 
52,060 8-5 
52,790 8-5 
30,870 8-5 
, 
30,900 .:' 8-5 
33,100 8-5 
• 
Yield at 0.2% offset In 2 inch gage length Remarks: 0.005 in./in./min. strain rate 
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Table 5-2. Tensile Test Data - System A Oxidizer Tank 
l> 
* Yield 
* Specimen 
No. 
Size 
(in) 
Are~ 
(in) 
Load 
(lb) 
Yield 
(psi) 
Ultimate 
load 
(lb) 
Ultimate 
(psi) 
A 
B 
c 
If 
* 
** 
0.088/0.435 
0.088/0.433 
0.061/0.423 
0.061/0.427 
0.0383 
0.0381 
0.0258 
0.0260 
Yield at 0 • .2% offs et 
In 2.0 inch gage length 
1300 
1260 
840 
882 
Note: 1. 0.005 in/in/min strain rate 
34,000 1986 
33,100 1936 
32,550 1240 
33,91:...,<.> 1319 
2. Specimens A and B were from new material for dome 
3. Specimens C and D were taken from tank shell 
51,900 
50,800 
48,150 
50,750 
Elongation 
(%) 
'. 
9.0 
10.0 
5.0 
8.0 
i_ 
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the lower strength levels were a result of incomplete heat treat response 
rather than diffusion o~ the clad coat i.nto the base metal. 
Table 5-3 Stress and Pressure Level Margins in System A Oxidizer Tank 
Corresponding Corresponding 
Yield Proof Ultimate Burst 
Stress Pressure Stress Pressure 
(psia) (psia) (psia) (psia) 
Calculated 35,100 315 48,700 450 
Minimum Test Value 32,550 292 48,150 446 
Average Test Value 33,245 299 49,450 457 
5.1. 2 ~.llows Segment Te~t 
A compression load/deflection test was conducted on the first 
bellows segment assembly completed. The segment consisted of 20 
convolutions and had a free length of 3.37 inches. The resulting curve 
is shown in Figure 5-4. 
5.1. 3 Bellows Capsule Cycling Tests 
To verify the adequacy of the redesign of Teflon strips to solve 
the bellows hang up problem encountered in the System A fuel tank (see 
Section 4.1) a test fixture was fabricated to simulate the redesigned 
condition. Typical expulsion cycles was conducted using the bellows 
that had been fabricated for the System A oxidizer tank. The fixture is 
shown in Figure 5-5. During the cycling tests there was no evidence of 
the "walking" which had been experienced previously with the nylon button 
guide configuration. During the fill cycle a slight canting of the 
bellows header was noted as shown i11. Figure 5-6. However, operation was 
. 
,smooth throughout the fill cycle. To verify the cap~.ility of the 
bellows capsule without stiffening rings to withstand a 25 psi differential 
pressure" a test was conducted as shown in Figure 5-7. A slight "snaking" 
of the bellows was noted indicating some squirming was taking place. 
However, there was no indication of any identation of the Teflon guide 
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strips and no release of the internal pressure movement to the bellows 
was smooth. The bellows was then filled with Freon 11 and allowed to 
stand over the weekend. Upon initiation of propellant flow, there was 
no indication of any cold flow of the Teflon or hang up of the bellows. 
5.1. 4 Tank AcceEta~c Testing 
Each completed tank assembly was acceptance tested to demonstrate 
its acceptability in meeting the system requirements. The acceptance 
test results are summarized in Table 5-4. The test procedure used by 
Metal Bellows was identical for all tanks. The procedure for the 
System B oxidizer tank is presented as Appendix C. 
Table 5-4 Tank Acceptance Test Measured Operating Parameters 
Tank Weight (lb) 
Maximum Propellant Volume (in3) 
Initial Pressurant Volume (in3) 
Expulsion Efficiency (%) 
Final Pressurant Volume (in3) 
Total Tank Volume (inS) 
Volumetric Efficiency (%) 
Pressure Differential to 
Stroke Bellows (psi) 
Proof Pressure Test (psig) 
System A 
Oxidizer 
Tank 
29.25 
2530 
1328 
97.88 
3804 
3906 
64.8 
5.0 
315 
Fuel 
Tank 
28.25 
2250 
1074 
98.~ 
3286 
3366 
66.8 
5.0 
315 
5.2 System A Heat Control System 
System B 
Oxidizer 
Tank 
A 
23.50 
1751 
822 
99.2 
2589 
2609 
65.6 
4.5 
510 
Fuel 
Tank 
20.94 
1419 
793 
99.4 
2203 
2244 
63.4 
4.5 
510 
The heat input control circuit for System A tests during the 
pressurant system demonstration consisted of an on-off heat exchanger 
valve and a pressure sldtch sensing tank pressure. The use of 
commercially available hardware was considered adequate for the system 
requirements-for control valves and pressure switches. Barksdale Valves 
5-11 
( 
Co., Part D2T A400SS, was used for the pressure switch and Skinner 
Electrical Valve Co., Part No. V56LB2l00, was used for the three-way 
valve. 
Acceptance testing of the three-way solenoid valves consisted of 
determining the pressure drop at various flow rates and measuring 
pertinent electrical characteristics of ea~h of the valves. Typical 
flow rate curves with 60 percent ethylene glycol solution at l80°F are 
shown in Figure 5-8. 
The four pressure switches were tested for their operating characteristics 
at both 166 and 284 psig. All four switches were repeatable, both 
, 
opening and closing pressures, to within 1/2 psi. The deadband range at 
both the high and low pressure ranges was 6 psi and was repeatable within 
I psi. 
The pressure switches were then connected to the flow control valves. 
Response times of approximately I second were encountered between 
attaining the required pressure level and initiation of flow of the 
heat exchanger fluid. As a result of this series of tests; each of the 
valve and pressure switch combinations were considered acceptable for 
system testing. 
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6.0 LOADING METHOD INVESTIGATION 
Studies were conducted to determine if improvements could be 
made in accuracy of loading the materials or possible simplification of 
the loading procedure. Moth ods which were investigated included sub-
cooUng of the volatile liquid prior to loading. liquid versus solid 
loading of the heat storage material, and the effects of sequence 
loading of the volatile liquid and the heat storage materials. These 
investigations were conducted using the subscale tank. The method 
selected for use in the system testing consisted of the following 
sequence. 
1. The heat storage material (when used) is heated to 100°-
150°F, then loaded into the pressurant cavity in 9, liquid 
state. 
2. Simultaneously the pressurant and propellant cavities of 
the tank are evacuated. 
3. The pressurant was loaded at ambient temperature using the 
vapor pressure in the pressurant storage container to force 
the required amount of pressurant into the cavity. 
4. Finally, the propellant was loaded at a pressure just 
sufficient to overcome the pressurant vapor pressure. 
However, further modifications to the loading procedure were made as a 
result of problems encountered during initial system tests as described 
in Section 8.1 
6.1 PressurantLoading 
During the feasibility demonstration, Contract NAS 9-1004, 
pressurant loading was accomplished by using the ambient temperature 
vapor pressure to force the liquid phase of the pressurant into an 
evacuated tank. Minor weight errors were introduced by this method of 
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loading caused by residual pressurant liquid trapped in th~ load lines. 
Studies were conducted to improve the accuracy of loading pressurant. 
To determine the possibility of ambient pressure loading of the volatile 
liquid, several methods of loading of the pressurant were investigated at 
or below the temperature at which Preon 22 liquifies at ambient pressure 
(-4l0p). No heat storage materials were used during these tests. 
Methods investigated were: 
1. The expulsion tank was placed in a dry ice bath. * Freon. 22 
was then allowed to flow into the expulsion tank under its 
own storage pressure from a container at room temperature. 
During loading the air in the tank was vented to atmospher(' 'I 
The required weight of Freon condensed inside the bellows 
The vent was then capped. No vapor pressure buildup 
occurred during a 5-minute period. This method of loading" 
however, allowed air to be entrapped in the pressurant 
cavity. The amount of air entrapped can be minimized by 
allowing the pressurant vapor pressure to buildup prior to 
capping the vent. This would affect the accuracy of the 
weight loading. 
2. The expulsion tank was placed in a dry ice bath for 30 
minute~ and a predetermined volume of liquid Freon 22 was 
, 
poured from a graduated beaker which had also be chilled 
in a dry ice bath. However, there was still air entrapped 
in the pressurant cavity. In order to determine the effects 
of the entrapped air, the subscale tank was loa<ied with 
1-1/2 pounds of Freon 22 by the chill and pour method out-
lined above. The pressurant cavity was sealed, off with air 
entrapped in the system and the fuel was loaded into the 
tank. The pressure was raised by uti lizing the heat exchanger 
and a serie$ of expUlsion test runs was made in a continuous 
flow mode. The amount of total pressure decay encountered 
in this series of tests showed a wide ran6~ of variation 
6-2 
.. 
, ("''"'' ,. , , 
..::~. 
, . 
I 
( - --
;/ 
indicating the presence of air in the system affected the 
repeatability of operation. 
3~ A subcooled loading test was then conducted in an attempt 'to 
eliminate the problem of entrapped air in the system. Both 
t.he expulsion tank and pressurant storage bottle were 
immersed in the dry ice bath and temperatures were allowed 
to stabilize at approximately _70 o P. The pressurant cavity 
was then evacuated. The chilled Freon 22 was poured into a 
pre'v'iously chilled graduate. A valve was opened and by the 
pressure differential available Preon was forced into the 
pressurant cavity. Two pounds of pressurant were loaded. 
Buildup of vapor pressure in the pressurant cavity was 
monitored during this period of time. No increase in vapor 
pressure was noted during the time of loading. Approximately 
30 minutes lapsed before a vapor pressure of 5 psi was 
observed in the tank. This method of subcooled loading 
proved satisfactory in eliminating entrapped air in the 
system. 
The method of subcooled loading which eliminated the presence of trapped 
air in the system had the same limitation as the ambient temperature 
loading (residual liquid in the load lines). As this subc'ooled loading 
method was more difficult to incorporate, it was not considered for 
further use. 
To improve the accuracy of weight loading the pressurant, the following 
technique was utili.zed. An excess amount of pressurantwas loaded into 
the tank and the load lines disconnected. A method of bleeding the excess 
pressurant from the tank was developed which resulted in weight loading 
accuracies of less than 1 percent. 
One problem with ambient temperature pressurant loadi.ng which was 
investigated was loading of the propellant subsequent to the pressurant 
and heat storage material with low (3 to 5%) initial pressurant qualities. 
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It was anticipated that difficulty could be experienc~d in loading the 
last amount of the required propellant into the tank because of the pressure. 
rise associated with compression of the final amount of the pressurant 
requiring intermediate cooling to condense the pressurant. This problem 
was investigated in conjunction with the docosane/Genetron 32 tests 
conducted. The tests which were conducted without intermediate cooling, 
indicated that the magnitude of pressure rise dUI'ing re-loading is related 
to rate of propellant flow. At refuel flow rates approximately one half 
of the minimum expulsion rate the pressure rise in the tank was only 
10 percent. Slower loading rates resulted in even lower increases. This 
magnitude of pressure rise should present no problem in propellant 
recycling. 
6.2 Heat Storage Material Loading 
The loading of the heat storage material as a solid was 
investigated using the subscale expulsion tank. With the pressurant 
port positionnd upward granulated heat storage material was poured into 
the pressurant cavity. With a filter installed in the ~lvacuation line 
to determine if heat storage material would be withdrawn from the tank, 
the pressurant cavity was evacuated. Freon 22 was then loaded into the 
pressurant cavity. There was no evidence of any heat storage material 
being drawn into the filter during the evacuation and pressurant loading 
process. 
Several tests were then conducted where the heat storage material was 
melted and poured into the tank. Prior to pressurant loading in these 
tests the heatstorage material was allowed to solidify prior to evacuating 
the pressurant cavity for pressurant loading. On cooling the heat storage 
material collected in a solid piece instead of the original flake form. 
From the results of these tests, the heat storage material could be 
installed in the tank in either liquid or solid state. For all the 
system tests conducted, however, the liquid state method was used. 
The eicosane received had apparently been melted previously (the melting 
temperature is 99°F) and was solid:Lfied in the shipping container. Re-
melting was therefore necessary. 
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A series of tests was conducted in which the pressurant was loaded prior 
to the heat storage material. In order to introduce the heat storage 
material into the tank, it was necessary to liquify the heat storage 
material and pressure load to overcome the Freon 22 vapor pressure. 
Considerable difficulty was encountered in maintaining the load lines at 
sufficient temperatures to prevent solidification of the heat storage 
material. Therefore, this method of loading should only be considered 
in the event of possible damage to the expulsion device during pressurant 
loading with solid heat storage material in the pressurant cavity. 
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7.0 SUBSCA1JB TEST PROGRAM 
The purpose of the subscale test program was to investigate the 
expUlsion characteristics of the selected pressurant for each system, 
monochlorodifluoromethane (Freon 22) for System A and difluoromethane 
(Genetron 32) for System B. For System A tests propellant flow was in 
both a continuous and pulsing modes. For System B tests propellant flow 
was continuous. A series of heat storage materials was investigated 
to determine which one would result in art equilibrium pressure (276 psig 
was desired) when mixed with Genetron 32. 
The bellows expulsion tank, as shown in Figure 7-1, was the test hardware 
llsed in this program. A simulated propellant (triethylene glycol) was 
loaded in the tank on one side of the bellows and the required amount of 
pres~urant on the other side. In demonstrating the expUlsion character-
istics of the pressurant, the basic test procedure used throughout the 
program was to install a predetermined amount of pressurant in the test 
tank. The pressurant was then heated to an initial starting condition 
and flow of the propellant was initiated. By initiating flow of the 
propellant, the pressurant cavity volume increases. As the pressurant 
volume increases, the temperature of the vapor which is expanding will 
decrease and result in a decay in the pressurant cavity pressure. By 
varying the rate of propellant flow and the amount of pressu~ant loaded 
into the test tank, a family of expulsion characteristic curves was 
generated. 
In qrder to provide the capability of cleaning residual heat storage 
, 
material from the tanks subsequent to testing, a program was initiated to 
determine an optimum solvent for eicosane. Two materials, carbon 
tetrachloride and trichloroethylene, were found which could both be 
utilized readily. Bicosane has a solubility in carbon tetrachloride of 
approximately 38 grams per 100 milliliters and in trichloroethylene of 
76 gram,5 per 100 milli' :ters. The relatively high solubility in 
trichloroethylene indicates a high probability that the tanks could be 
cleaned using commercial degreasing equipment • 
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7.1 Test Materials 
Two pressur,mt materials and four heat storage materials were 
investigated under this program. The pressurant investigated for the 
pulsing or low average flow operation (System A) was monochlorodifluoro-
methane. This material was purchased as E. I. DuPont Company Freon 22 
from Arrow-Risco Company in SO-pound lots contained in pressurized steel 
bottles. 
The pressurant material selected for the continuous flew operation 
(System 8) was aif1uoromethane (methylene fluoride). This material was 
purchased as Genetron 32 from the General Chemical Division of Allied 
Chemical Corporation and was obtained in 20-pound lots contained in 
pressurized steel bottles. 
Three of the four heat storage materials were of the saturated hydrocarbon 
family and carry the general formulation of CnH(2n + 2)' Two of these 
materials, nonadeca~le and docosane, were purchased from the Humphrey 
Chemical Company in North Haven~ Connecticut in 5-pound lots. The 
nonadecane procured was petroleum derived and minimum purity was 99%. 
The docosane procured was alcohol derived and minimum purity was 97%. 
The third hydrocarbon, eicosane, was procured from Eastman Kodak Chemical 
under their stock No. T6321 in 3 kilogram.1ots. 
The fourth heat storage material investigated was lauric acid which was 
procured as a technical grade from Armour Industrial Chemicals in a 50-
pound lot. 
7.2 Test Procedure 
The results in the subscale test program were obtained using the 
test setup shown in Figure 7-2 and represented schematically in 
Figure 7-3. 
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In all tests the basic test procedure was as follows: 
1. A leak check W4S conducted which consisted of pulling a 
vacuum on the system (both sides of the bellows simultaneously) 
and monitoring with an appropriate vacuum gage for leaks. 
Simultaneous with the leak check operation the fuel supply 
tank was filled with the simulated fuel (t~iethylene glycol). 
Upon assurance of a "tight" system, the vacuum pump was 
closed out and the bellows tank weight was recorded. 
2. With the fuel supply tank open to atmosphere, the bypass 
valve between the bellows tank and the fuel supply tank was 
open. By virtue of the pressure difference, fuel flowed 
from the supply tank to the bellows tank. When a total of 
2 pounds of fuel had been flowed the bypass valve was closed. 
3. The appropriate amount of pressurant was then added to the 
pressurant cavity. The purpose of adding the initial 
quantity of fuel was to prevent damage to the bellows 
assembly when it was subjected to the vapor pressure of the 
pressurant when it was added. 
4. Additional fuel was then added until the bellows tank 
contained a total of 16 pounds of fuel. The remaining fuel 
was forced in witJ a supply of nitTogen applied to the fuel 
supply tank. The additional nitrogen pressure was required 
to overcome the pr?ssurant vapor pressure. 
5. After the final weigh:t of the system was recorded, the bypass 
valve was closed, the fuel supply tank pressure was vented 
~ off, and the throttle valve was adjusted for the proper flow 
rate. 
6. The heat exchanger pump was then activated to bring the 
system to an initial operating pressure. 
7-5 
~ ..... : 
-....J 
I 
0\ 
} 
tIillIl. 
'" 
'1\1' -
o 
GN2 SOURCE 
~ ..... HEATER 
FUEL 
SUPPLY 
TANK 
FLO\oJHETER 
FLml CONTROL ---oJ Ii I i 
VAL VE SOLENO 10- I 
VALVE 
VACUut·1 
PUMP 
~-~-- ~ 
~ 
TF 
PF SOLENOiD 60010 GL YeOL/HATER 
_ VAL VE HEATER 
" 
FLO'! 
Tp PPD~ 0 
HE IGHT SCALE 
PRESSURANT 
LOAD LINE 
" I < )
PUNP 
FLO'JHETER 
!* ~
.~ 
"" 
... 
Figure 7-3 Experimental Tank Test Schematic 
< t',~,t..:I 
........ 
_J 
". , 
[ - ~ ~ 
7. Just prior to the openi.ng of the flow control valve, the 
oscillograph was activated to record the following 
parameters during the expulsion test: 
Heat exchanger temperature in 
Heat exchanger temperature out 
Heat exchanger flow rate 
Pressurant temperature (liquid) 
Pressurant temperature (vapor) 
Pressurant pressure 
Propellant temperature 
Propellant pressure 
Propellant flow rate 
8. The run was terminated when a total of 10 pounds of 
fuel had been expelled. 
9. The fuel supply tank was then repressurized and the bypass 
valve opened until the original amount of fuel (16 pounds) 
was in the bellcrws tank. The system was then ready for the 
next test run. 
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This procedure was repeated fer each initial pressurant load. In those 
runs which were made using a heat storage material in addition to the 
pressurartt, the heat storage material was added to the pressurant cavity 
prior to perfol'ming the leak check. 
7.3 Freon 22 Expulsion Tests 
Freon 22 test runs were conducted at three different pressurant 
loadings to simulate various quality conditions as shown in Table 7-1. 
Table 7-1 Quality Change Conditions For Freon 22 Expansion Tests 
Cavity Volume Pressurant qualitl 
Weight of Initial Final Initial Final 
Freon 22 (' 3) (in. 3) 1n. 
4 lb, 5 oz 240 562 0.065 0.220 
I lb, 15 oz 240 562 0.230 0.507 
I lb, 2 07- 240 562 0.400 1.000 
A total of 139 runs was conducted at simulated propellant (triethylene 
glycol) flow rates of 0.10 and 0.40 lb/sec. Three types of expulsion 
test runs were made at each of the flow rates, (1) continuous flow with 
the heat exchanger flowing during expulsion (2) continuous flow without 
the heat exchanger flowing, and (3) flow .in a series of 5-second pulses 
with system pressure being returned to the original level between pulses. 
The expulsion characteristics for the continuous flow Freon 22 tests are 
shown in Figures 7-4 through 7-7. These figures indicate very little 
difference in the expulsion characteristics, with and without heat 
addition with the exception of the high pressurant load. This was 
attributed to the fact that the subscale tank heat exchanger design pro-
vided a heat input directly into the liquid pha.se with the high pressurant 
load and only into the vapor phase with the lower pressurant loads. In 
Figure 7-8, typical curves of both high and ,,ow flow rate pulsing 
capability are shown. The system pulsing characteris:tics are more 
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readily seen in FigUl'~S 7-9 and7-l0 which show the influence of the 
quality level on the amount of pressure decay associated with the 
individual pulse. 
With a pressurant loading of 1 Ib 2 oz, the time for fuel pressure re-
covery after pulse expulsion was nearly twice as long as with the 1 lb 
15 oz loading. The magnitude of pressure-decay was almost identical at 
the low flow rate for all three loadings. 1~e limiting factor in select-
ing a minimum acceptable pressurant load is the increase in recovery time. 
The reason for the longer response was attributed to the fact that at 
the lower pressurant loads, with the vessel in a vertical position, the 
portion of Freon in its liquid phase was remote from the tank wall 
affected by the external heat exchanger and heat transfer was essentially 
limited to the vapor phase of the pressurant. This was proven by 
activation of th~ internal heat exchanger which was immersed in the 
liquid. Pressurization response was immediate, even ,~ith the 1 lb 2 oz 
pressurant loading. 
Four runs were conducted at high (0.4 lb/sec) propellant flow rates to 
evaluate the effect of expulsion in a horizontal position with I lb 2 oz 
Freon as compared to vertical expulsion. (All previous runs had been 
conducted with the vessel vertical and expulsion out the top of the tank.) 
As was expected with liquid Freon in contact with the heat exchanger 
area, the external heat exchanger was found to be much more efficient with 
the vessel on its side. The pulse response time was comparable to that 
experienced with vertical expulsion with the high pressurant load (4 lb 
50z). The pressure decay associated with continuous flow was lower (44 
psi) than any previous test condition. Six test runs we,re made in an 
effort to determine whether th,e point of conversion of all of the Freon 
to its vapor state (100% quality) could be determined. No definite 
indication of the transition point could be determined f.rom the test data. 
7.4 Genetron 32 And Hea.t Storable Material Expulsion Tests 
~e tests conducted with Genetron 32 were intended to determine 
a heat source material for System B operation in a continuous propellant 
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flow mode which would give ofi ~eat of fusion to the pressurant and 
maintain a desired equilibrium pressure level of approximately 276 psig. 
For comparison purposes, nine test runs were made to establish typical 
expansion curves at high and low flow rates for Genetron 32 only. The 
test results are shown in Figures 7··,11 and 7-12. For the Genetron 32 
series of tests, the low flow rate was reduced to a level of approximately 
0.05 lb/sec and the maximum flow ~ate level was maintained at 0.10 lb/sec. 
These flow rates simulated the rate of change of the volume of the 
pressurant cavity expected in the full-scale tests. A sununary of the 
various quality conditions investigated is shown in Table 7-2. 
7.4.1 Heat Storage Materials 
In using the latent hEat of fusion of a heat storage material to 
provide the energy to vaporize the pressurant, the actual system operating 
conditions are determined by the interaction of both materials. The 
system essentially operates at a depressed vapor pressure of the pressurant 
at a temperature equal to the freezing temperature of the heat storage 
material. By selection of various heat storage materials having 
different freezing temperatures, a range of operating conditions can be 
obtained with a given pressurant. From the results of compatibility and 
freezing point tests conducted during Contract NAS 9-1004, Reference 1, 
as shown in Table 7-3, Nonadecane and Lauric acid appeared to be the best 
choices with Genetron 32, as they exhibited vapor pressures of 285 and 
290 psig at the heat storage material freezing point. 
7.4.1.1 Nonadecane 
T\l/enty-two tests were made with 1. 41 pounds of Nonadecane and 
1.81 pounds of Genetron 32 installed in the expulsion tank. An equilibrium 
pressure was observed at 200 psig in some tests as shown in Figure 7-13. 
These test runs were made with an initial liquid temperature of 89°F. 
This represented a decrease of 85 psi from the freezing point results. 
The reduction in the pressure level was attributed to the differences in 
heat transfer during a flowing condition and the pressure decay during 
the time the system temperatures are dropping to the melting temperature 
of the heat storage material. In other tests, the rate of pressure drop 
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Table 7-2 Quali~Change Conditions For 
Genetron 32/HSMtests. 
I Pressurant Volume 
* 
Weight of 
HSM HSM Init3al Final (lb) (in) (in3) 
. 
,-
- -
240 562 
- -
240 562 
Nonadecane 1.40 191 5ll 
Eicosane 0.50 222 542 
Eicosane 1.00 205 "'525 
Lauric Acid 1.30 205 517 
Docosane 
·75 214 533 
Docosane 4.00 101 420 
* Heat Storage Material 
.,t'. 
'" 
1 
Pressurant Quality 
Initial Final 
I 
i 
I 
0.486 1.000 
0.224 0.391 
0.152 0.375 
0.434 0·965 
0.387 0·935 
0.195 0.467 f; 
0.413 0.950 
0.042 0.360 
... 
...... 
_J '\ 
~ 
-..,J 
I 
N 
..... 
Test 
No. 
4 
5 
6 
7 
8 
9 
10 
~ -
~ 
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Table 7-3. Compatibility and Freezing Points 
of HSM and Genetron 32 
* Vapor 
Test Conditions Freezing 
Ratio 
Combination by Wt. 
Initial Conditions 
Pressure Temperature 
(psi g) (OF) 
Pressure Temperature -. Point 
(psi g) (oF) (oF) 
H1/G32 1:1 210 52 325 110 93 
H2/G32 1:1 190 50 335 112 93 
H3 /G32 1:1 195 62 295 123 79 
190 58 270 112 82 
H4/G32 1:1 175 50 345 112 86 
H5 /G32 1:1 185 48 345 112 68 
H6 /G32 , 1:1 185 46 370 110 
H7/G32 1:1 225 70 290 110 62 
* Test conditions. held at indicated temperature for three hours. 
Notes: HI - Eicosane H5 - n-Heptadecane 
H2 - Lauric Acid H6 - Docosane 
H3 - Octadecane H7 - Cetane 
H4 - Nonadecane 
Pressure 
at Freezing 
Pgint 
(F) 
305 
290 
250 
240 
285 
230 
200 
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changed significantly early in the run but did not reverse or plateau. 
This was apparently caused by incomplete melting of the Nonadecane in 
some cases and excessive starting temperatures in others. It was evident 
from this series of tests that temperature stability of the expulsion 
tank system is required to minimize pressure decay during the early part 
of the run. In those tests where expulsion was initiated with the vapor 
temporature higher than the liquid temperature. significant pressure 
decay was experienced during the time the vapor temperature dropped to the 
level of the liquid temperature (refer to Pigure 7-11. liquid 82°P. vapor' 
102°p). 
7.4.1.2 Lauric Acid 
Twenty tests were conduc:ted with 1.3 pounds of Lauric acid and 
1.81 pounds of Genetron 32. With the Lauric acid/Genetron 32 combination 
and equilibrium pressure of approximately 240 psig was achieved as shown 
in Pigure, 7-14. In the tests ccmducted with Lauric acid the plateau at 
the low flow rate was fairly well defined while the pressure plateau at 
the higher flow rate was not as well defined although a decrease in the 
rate of pressure decay was evident. 
The equilibrium pressures achieved with these two materials were both 
lower than the desired system operating pressure. 
In an effort to r~dse the pressures to the Sys:tem B nominal pressure 
J level, it was decided to investigate heat storage, materials with higher 
mel ting temperatures . Two additional heat storaiS~~ materials of the 
aliphatic family were investigated. The two materials were Eicosane 
which melts at 97°p (freezing point vapor pressure of 305 psig) and 
Docosane which melts at lll oP. 
7.4.1. 3 Eicosane 
Sixteen runs were made with the minimum quanti ties. i. e.,. final 
pressurant quality of 1.00. 0.48 pound of Eicosane and 0.73 pound of 
Genetron 32. Pinally. eleven test runs were performed' with 1.00 pound 
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Eicosane and 0.73 pound Genetron 32. In conducting the tests with 
Genetron 32/Eicosane, equilibrium pressures of 250 to 260 psig were ob-
tained as shown in Figure 7-15. The two curves shown are at a ;:.~)latively 
low average flow rate. The pressure plateau was not as evident at the 
higher flow rates with Eicosane as had been exhibited with the previous 
two materials indicating that the heat transfer process between the heat 
storage materia.l and the pressurant is not instantaneous and the process 
therefore is time dependent. 
7.4.1.4 Docosane 
Twenty-two runs were then made with v.75 pound of Docosane and 
0.7S pound of Genetron 32 and six runs with 0.75 pound of Docosane and 
1.S PQunds of Genetron 32. During these runs, no pressure plateau was 
evident with the Docosane-Genetron material combinati()n~ The initial 
temperature starting conditions (pressurant temperatures at the beginning 
of the expulsion run) were investigated from l24°p which is 13 degrees 
above the freestate melting point of Docosane (111°F) down to 93°P. In 
some cases the overall pressure decay during the expulsion cycle 
appeared to be slightly low,gr than experienced with the corresponding 
expansion of G~netron 32 only. However, there was no evidence of an 
equilibrium pressure occurring in any of the runs conducted (Figure 7-16). 
A revie'w was then made of the results of the subscale tests as well as 
test data supplied by NASA of volatile liquid expulsion tests they had 
conducted utilizing an Apollo Command Module bladder tank as the expulsion 
device. NASA/MSC had run tests using Genetron 32 as the pressurant, in 
both a continuous and a pulsing mode. They had also made two runs using 
octadecane as the heat storage material in combination with Genetron 32. 
This c.ombination was investigated by TRW on Contract NAS 9-1004. 
In comparing the NASA and TRW test data, it be,carne apparent that NASA had 
experienced a much higher rate of initial pressure decay to that point 
where the heat storage material started freezing than had been achieved 
in the TRW tests. The associated rapid vapor temperature decay rate 
(NASA did not monitor temperatures) would provide the temperature 
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differential necessary to drop the heat storage material temperature 
below its freezing point considerably sooner. A review of the test 
condition parameters indicated the following: 
1. Using the bladder tank system, NASA had been loading the 
tank with a sufficient quantity of propellant to provide an 
initial pressurant quality of approximately 5 percent. In 
the tests which have been conducted by TRW with the subscale 
bellows tank, the minimum pressurant cavity vclurne is fixed.' 
Pressurant loads, which had been selected to yield a 100 
percent final quality, resulted in an initial quality 
ranging between 30 and SO percent. 
2. In a pulsing mode of operation, ,when the pressurant quality 
in the bladder tank reached approximately 30 percent, the 
pressure decay rate associated with flow initiation was 
quite comparable to the values experienced in the bellows 
t~nk. 
From this review it appeared possible to achieve a pressure plateau with 
Docosane if the tank was loaded such that the Genetron 32 initial quality 
was. reduced to a very low level. 
A series of tests was conducted using a pressurant load of 2 pounds of 
Genetron 32 and 4 pounds of Docosane. When the tank was loaded with 16 
pounds of simulated propellant, the initial quality in the pxessurant 
cavity was approximately 5 percent. Eighteen runs were made at various 
propellant flow rates. No pressure plateau could be determined &.t flow 
rates which would be comparable to those to be experienced. on the flight-
weight tanks. However, when the flow rate was reduced to approximately 
one half of the minimum value, a pressure plateau at approximately 300 
psig was encountered. The interface heat transfer cnaracteristics are 
apparently not as efficient for this combination of materials. Typical 
expansion curves at the low flow ra,te are shown in Figure 7-17. 
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7.5 Application of Subscale Test Results 
The results of the subscale testing were reviewed and the 
following decisions were made regarding th~ system demonstration tests 
to be conducted; 
1. Determination of the amount of pressurant to be loaded into 
the System A tan~s will be based on providing a final 
quality of 100 percent. With the large i.nitial pressurant 
volume, the pressure decay on the starting pulse does not 
'become a limiting factor. 
2. In the System B tanks it was desirable to achieve as Iowan 
initial quality as possible. A reduction in the pressurant 
cavity size could have been achieved by redesigning the 
tanks. One approach would have been to invert the tank 
header on the press'Urant cavity side. However, as tank 
deliveries were already considerably past the original 
schedule, a redesign, which would impose an eJtcessive amount 
of slippage, was not considered feasible or desirable. 
A low initial quality was.to be achieved by adding an exc~ss 
of heat storage and pressurant materials. It was decided 
to use a 2 to 1 ratio, i.e., 3.5 pounds of pressurant a.nd 7 
pounds of heat stora~e material. 
4. The heat sto.-rage. material to be used will be .Eicosane. 
Extrapolating from the NASA/MSC test data, the equilibrium 
pressure expected (260 to 270psig) was below the system 
nominal operating pressure but was considered satisfactory 
to demonstrate the flight-weight system operation. Doc()sa,ne~. 
which provided a higher equilibrium pressure, was not used 
because of the flow rate limitation. 
It should be noted that only one third of the test runs conducted produced 
an equilibrium pressure. It became increasingly evident that accurately 
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controlled starting conditions were required and that the materials 
. 
themselves will provide considerable influence on operating conditions. 
In conducting the investigation into varying starting temperatures, the 
difference between the fre(~ state melting temperature of the heat storage 
material and the freezing temperature when mixed with the pressurant be-
came a significant factor. As indicated from the compatibility testing 
conducted during Contract NAS 9-1004, the mixed freezing temperature is 
depressed between 3 and 17 degrees below the melting temperature. In order 
to melt the heat storage material, the system temperature must be elevated 
to a le~el above the melting temperature. Then in order to avoid an 
excessive pressure decay during operation, the starting conditions must 
be reduced to a temperature level just above the mixed freezing 
temperature. However, even with a desired starting temperature condition, 
with the initial quality. characteristics investigated, as shown in Table 
7~4, pressure plateaus were achieved at levels 50 to 85 psi below the 
apparent pressurant vapor pressure at the heat storage material freezing 
temperature. 
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Table 7-4. Pressure Summary for Genetron 32/HSM Tests 
Heat St()rage HSM Melting HSM Freezing Genetron Vapor 
Material Temp eratur e* Temperature* Pressure at FP* (QF) (oF) (psig) 
Nonadecane 90 86 285 
Eicosane 97 93 305 
Docosane 112 ** *** 
Lauric Acid 110 93 290 
* Reference 1 
**Freezi~g point not determined during tests. 
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8.0 PRESSURIZATION SYSTEM DEMONSTRATION TESTING 
The purpose of the full-scale Pi:~ssurization system testing was 
to demonstrate the capability of the two volatile liquid expulsion systems 
in meeting the performance requirements for the Apollo Reaction Control 
\ 
Systems. System A operation simulated the Apollo Service Module RCS 
pressurization system. System B operation simulated RCS pressurization 
operation in the Apollo Command Module. 
The flight configuration hardware used during this series of tests was 
four flight-weight tanks fabricated to TRW requirements by Metal Bellows 
Corporation. The System B fuel tank is shown in Figure 8-1. 
The testing program was conducted in three phases. During the first two 
phases simulated propellants were expelled. Actual propellants were 
expelled during the final phase. During the initial phase, investigative 
runs were made to provide data similar to that obtained during the sub-
scale testing. Utilizing the results of this testing, a duty cycle was 
established simulating expected Apollo Service and Command Module worst 
case operation. Phase 2 consisted of a series of bipropel1ant (simultan-
eous fuel and oxidizer tank) duty cycle expulsion runs to demonstrate 
the capability of maintaining equal pressures in the two tanks during 
qperation. The final phase of tests consisted of propellant expulsion 
with each of the four tanks individually at the worst case duty cycle 
to determine if any variation existed in expulsion characteristics as 
a result of the medium being expelled. 
Throughout the design-development portion of the program, System B ha'd 
been considered to operate with a continuous propellant flow mode. The 
heat input. (heat storage material) system had been developed for this 
mode of operation. The duty cycle, established by NASA, was however a 
pulsing mode with a 50 to 20 percent propellant flow. The heat storage 
material was found to be ineffective in this type of flow mode 
particular~y at minimum propellant flow rates. However, System B 
operation was satisfactorily demonstrated usi,ng the available conunand 
module waste heat loop. 
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8.1 Test Procedure 
The results in this series of tests were obtained using the tanks 
installed in the basic test setup shown schematically in Figure 8-2. 
The basic test procedure which was used was identical to the subscale test 
procedure with minor modifications noted as follows: 
. . , 
1. The heat storage material when used was we,ighed separately' 
and then loaded into the pressurant cavity in a liquid 
state. The tank was secured in a vertical position and the 
heat storage material poured into the movable bellows header 
and allowed to solidify. 
~. The tank was then installed in the. test setup and a leak 
check performed. 
3. The propellant cavity of the tank was then evacuated. 
From the results of the loadi~g studies (Section 6.0), 
it was intended to evacuate both sides of the bellows 
simultaneouslYt However, with both sides of the bellows 
evacuated, in attempting to load propellant, an excessive 
amount of propellant vaporization occurred which prohibited 
loading. The loading procedure was revised to provide a 
minimal evacuat'ed'volume in which to load the propellant. 
With' only the propellant cavity evacuated and the pressurant 
cavity vented to atmospheric pressure, the pressure 
differential positions the bellows in a clos.ed position 
minimizing the propellant volume. 
4. With the pressurant cavity vented to atmosphe,re" a small 
. 
initial quantity (3 to 4 pounds) of propellant was loaded. 
It was desired to load the pressurant prior to loading the 
propellant in order to accommodate propellant ,depletion and 
to retain the ability to recycle. However, in attempting 
to load the propellant, it was discovered that with the 
8-3 
.. ----~~-
I 
1 
(
'po., 
~/ 
.. 
Dwnp 
Valve 
Relief 
Valve 
• 
GN2 
-
----,.--
.. .::. =- -
lL~O Sump 
I~ 
- -
-- -
--.:-.: . 
Propellant 
Cavity 
Propellant 
Storage 
Tank 
Prellure 
Sv:l.tch 
lo4-ll------' 
Pllter 
Flowmeter 
Flow Control 
Valve 3 .. Way Bnass 
Valve 
( -- - ~ -
- --~--- - .. - ~----~ 
Pressurant 
Cavity 
- -
PreSlurant 
Load 
H20. Glycol Returr ~ Line 
Flow Control 
Valve 
- -
_ ..
--
....... - Heater 
Circulating 
Pump 
Filter 
... 
Figure 8-2 Pressurization System Test Schematic 
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propellant cavity completely empty the load exerted on the 
movable bellows header by the volatile liquid vapor pressure 
was sufficient to seal off the inlet port. It was necessary 
to load a small amount of propellant prior to loading the 
volatile liquid in orde,r to separate the bellows heade'r anti 
the tank shell. Correcting this condition can be readily 
accomplished in future tanks through a minor redesign of 
the bellows header. 
S. The pressurant cavity of the tank was then evacuated. 
6. The pres~urant was then weight-loaded in an ambient 
condition using the vapor pressure in the pressurant 
container to force the required amount of pressurant into 
the cavity. 
7. The balance of the propellant was then loaded. It was forced 
into the propellant cavity by applying gaseous nitrogen 
pressure as required to overcome the pressurant vapor 
pressure. 
8~ After the final weight of the system was recorded, the 
supply tank was vented off and the throttle valve adjusted 
for the proper flow rate. 
9. The heat exchanger pump was then activated to bring the 
system to a level slightly above the initial operating 
pressure. The system temperatures stabilized during the 
time the pressure decay~d to the starting condition. 
10. Just prior to ~~ening the flow control valve,the oscillograph 
was started to record the propellant and heat exchanger flow 
rates, the pressurant pressure and temperatures of the fuel, 
pressurant and heat exchanger fluid. A typical oscillograph 
trace of a single pulse is shown in Figure 8-3. 
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11. The run was terminated when the required amount of 
propellant had been expelled or the required number of flow 
pulses achieved. 
12. The propellant supply tank was then repressurized and the 
bypass valve opened until the original quantity of propellant 
was in the expulsion tank. The system was then ready for 
the next run. Care was exel~cised to assure J that the 
heat storage material, when used., was in a liquid state 
during the propellant reloading. 
Simulated Propellant Testin~ 
The subscale tests w.e:re conducted using triethylene glycol as 
the simulated propellant. It was decided to use Freon 11 fo.;;: the system 
tests in order to conduct the propellant tests without danger of 
contamination. As· the Freon 11 is a solvent itself, subsequent cleaning 
was not necessary. The Freon 11 density and heat capacity closely 
simulate the properties of N204 . The triethylene glycol, which had been 
used to date, has properties approximately midway between the fuels used 
and the o.,ddizer. 
Because of fabrication problems resulting in delays in delivery of th~ 
System A tanks, it was decided to conduct the initial investigation tests 
for bott Systems A and B using the System B tani~s. 
The weight loading and calculated resulting pressurant qualities in the 
System B tanks are as shown in Table 8-1. 
8.2.1 Full Scale Flow Investigation 
The System B oxidizer tank was the first tank received. This 
tank was used for both Systems A and B tests. 
For the System A (pulsed flow) tests, a pressurant load of 5.25 pounds of 
Freon 22 was used. The heat exchanger inlet conditions were set at 180°F 
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Table 8-1 Tank Loading Requirements for Initial 
Systems A and BTests Using System B Tanks 
Propellant 
Propellant Capacity (lb) 
Simulated Prope11a.tt (Freon 11) Capacity (lb) 
Maximum Propellant Flow Rate (lb/sec) 
Equivalent Maximum Freon 11 Flow Rate (lb/sec) 
Minimum, Propellant Flow Rate (lb/sec) 
Equivalent Minimum Freon 11 Flow Rate (lb/sec) 
System A Pressurant Loa.d 
Freon 22 Weight (lb) 
Pressurant Initial Volume (in. 3) 
Initial Quality (%) 
Pressurant Final Volume (in. 3) 
Final Quality (%) 
System B Pressurant Load 
Genet:ron 32 Weight (lb) 
Eicosane Weight (lb) 
Pressura:nt Initial Volume (in. 3) 
Initial Quality (%) 
Pressurant Final Volume (in. 3) 
Final Qual:tty (%) 
Oxidizer 
Tank 
N204 
92.4 
9,3.7 
0.888 
0.897 
0.222 
0.224 
5.25 
822.0 
27.4 
2583.0 
96.5 
4.5 
9.0 
508.0 
16.6 
2251. 0 
92.8 
Fuel 
Tank 
MMH 
44.6 
75.6 
0.444 
0.745 
0.111 
0.186 
4.5 
793.0 
31.4 
2203.0 
96.0 
4.3 
8.0 
512.0 
17.8 
1908.0 
82.6 
and a flow rate of 0.03 lo/sec of the wate~ glycol mixture. Freon 11 
(simulated propellant) flow rates were established equivalent to the 
required oxidizer flow rates of 0.222 and 0.888 1b/sec. A total of ten 
pulsing flow runs was made. At t.he lower flow rates, runs were made 
at varying pulse lengths of 5, 10, and 20 seconds. The tes'!: results are 
shown il~ Figures 8-4 through 8-6. At the high flow rate, pulse lengths 
of 10 (Figure 8 .. 7) and 20 (Figure 8-8) seconds were used. The flow 
frequency was df:n:ermined by the rate of recovery of the system to the 
original pressure level. A flow pulse was made and the pressure was 
allowed to recover until the heat exchanger flow was discontinued before 
the next pu.lEe~was initiated. 
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The System B oxidizer tank was then prepared for System B (continuous 
flow) operation. Nine pounds of Eicosane and 4.5 pounds of Genetron 32 
were loaded into the tank. A run was made at the low flow rate. Flow 
was initiated at an initial pressurant temperature of approximately 94°p 
at 310 psi. The pressure decayed rapidly to approximately 250 psig. At 
a slower rate of decay, by the end of the run the pressure had dropped 
to 210 psi as shown in Figure 8-9. A test failure (Section 8.5) prevented 
further testing in this tank. 
A series of five low flow tests was then conducted with the System B fuel 
tank. The tank was loaded with 8 pounds of Eicosane and 4.3 pounds of 
, " Genetron 32. The results, as shown in Figure 8-10, were very comparable 
to those.obtained in the oxidizer tank. 
In order to increase the pressure level obtained in the tank several runs 
. 
were conducted with a higher Genetron 32 weight loading to obtain a lower 
initial quality. Th~~ lower initial quality was expected to provide a 
more rapid rate of pressure and temperature decay to initiate H8M freezing 
sooner. 
. -Eighteen additional System B flow investigation runs were made using the 
System B fuel tank. The tank was loaded with 8 pounds. of Eicosane and 
,0 
9.5 pounds of Genetron 32. This loading resulted in an initial pressurant " 
quality of 5.7 percent and a final quality of 13.3 percent. Continuous ~ 
• 
expulsion runs were conducted at both the high and low flow rates. 
Investigative runs were-then conducted in which the heat exchanger was 
used. The heat exchanger flow was triggered, at the initiation of propellant 
flow and was 'maintained continuous throughout the run. A significant 
improvement in performance wasnoted"particula~ly: at ;the'~ow flow rate. 
It was then determined that System B operation in'the Apollo C~mmand 
Module would not have a heat exclianger source available at l80oP. H<?wever, 
a, 120°F .loop was ava~lab1e. C~ntinuous expulsion te,sts were then' repeated 
··(.using the heat exchan'ger inlet temperature set at l20 o P. Some improvement 
, " 
in performance wa,s ~till, evident. The resul~s of the continuoll~"flow ~ 
expulsion are shown in Figures 8-? 1 and '8-12. " 
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NASA then requested that pulsing runs be made both witn the heat exchanger 
off and with the beat exchanger inlet set at 120°F. The results are 
shown in Figure 8-13 :""01' the minimum flow rate, in which the duty cycle 
was 60 seconds on and 60 seconds off. For the maximum flow rate, the 
duty cycle was set at 15 seconds on and 15 secollds off. The results are 
shown in Figure 8-14. 
Because of the interest in pulsing performance, further improvements in 
continuous flow performance by additional reduction in the initial vapor 
volume were not investigated. 
8.2.2 Pressurization System Demonstration Testing Duty Cycle 
The results of the flow investigation testing were reviewed and 
used by NASA in establishing a duty cycle to be used during the balance 
of the pressurization system demonstration testing. 
In establishing a duty cycle to be used, an attempt was made to provide 
a cycle which was consistent with the expected requirements of the Apollo 
Service and Command Modules and still allow comparison to the test data 
already obtained. It was decided that all tests would be conducted 
using propellant flow pulses of 10 seconds duration. By var;ing the 
off times, a changing duty cycle was established. 
The duty cycle established for each system consisted of a series of runs 
to be conducted which provided varying flow rates and various.usage 
cycles. The required minimum flow rate (0.111 lb/sec fuel and 0.222 
lb/sec oxidizer) simulates a single 100-pound thrust engine operation 
and the required maximum flow rate (0.444 lb/sec fuel and 0.888 Ib/sec 
oxidizer) simulates simultaneous four 100-pound thrust engines operation. 
System A duty cycle consisted of the following run conditions: 
ProEellant Flow Rate En&ine Usag:e C~cle Heat Exchanier Flow 
4 engine 10% Controlled by Pressure Switch 
2 engine 50% " " " 2 engine 10% " " " 1 engine 50% " " " 
1 engine 10% II " " 
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System B duty cycle (the impact of the ch~nge of propellant flow from 
continuous to pulsing was not apparent until later in the program) consisted 
of the following run conditionsz 
Propellant Flow Rate Engine Usage Cycle Heat Exchanger Flow 
4 engine 20% on 
4 engine 20% off 
1 engine 50% on 
1 engine 50% off 
In System B runs Hi which the heat exchanger was used, he,it exch,anger 
flow initiated with propellant flow and was continuous throughout the 
propellant expulsion. 
In all system test runs J the heat exchanger flow rate was established at 
0.03 lb/sec for each tank. The heat exchanger inlet temperatures were 
set at 180°F and 120°F for the Systems A and B operation runs, respectively. 
In System A operation, increased pressure decay per pulse occurs with 
longer duration pulses. The use of lO-second pulses throughout the 
duty cycle is more severe than is expected in actual service module usage. 
System B tests are limited to 5 minutes total duration. This duplicates 
the expected average command module reentry propellant usage. A tabulation 
of the duty cycle conditions is shown in Table 8-2 for System A. The 
System B conditions are shown in Table 8-3. 
8.2.3. Bipropellant System Expulsion Tests 
In order to compare the individual tank response in system 
operation, a series of tests waS conducted expelling simulated propellants 
from both the fuel and oxidizer tank simultaneously. Because of a delay 
in delivery of the System A tanks, it was decided to conduct both Systems 
B and A operational duty cycle tests using the System B tanks. 
The test stand was revised to alln·w dual tank operation. 
the revised test setup is shown in Figure 8-15. 
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Table 8-2. Duty Cycle Run Conditions System A Simulated Propellant Dual Tank Operation 
Equivalent 
Flow Total * Freon 11 Flow Rate 
Run Pulse Off No. Run Heat Exchanger Oxidizer Fuel 
. Inlet 
No. Length Time Pulses Time Flow Rate/Tank Temperature Tank Tank 
~ec) (sec) (min) (lb/sec) (oF) (Ib/sec) (lh/sec) 
* Heat exchanger flow for each tank will be controlled by individual pressure 
switches sensing the pressurant cavity pressure. Flow will be init1ated on 
decay to 160 psig and tenninated on increase to 165 psig. 
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Table 8-3. Duty Cycle Run Conditions System B Simulated Propellant Dual Tank Operation 
Equivalent 
.." 
Flow Total * Freon 11 Flow Rate Heat Exchanger Run Pulse Off No. Run Inlet Oxidizer Fuel 
No. Length Time Pulses Time Flow Rate/Tank Temperature Tank Tank 
(sec) (sec) (min) (lbjsec) (oF) (lb/sec) (lb/sec) 
1 10 10 15 4.8 0.03 ' ')(\ .1.,wv 0.224 0.186 
2 10 10 15 4.8 0.224 0.186 
3' 10 40 7 5.2 0.03 120 0.896 0~744 
4 10 40 7 5.2 0.896 D.744 
* Heat exchange flow for both tanks, when used, will be initiated with 
propellant flow and be continuous durin,gthe run. 
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A summary of the loading conditions used during the bipropellant 
pressurization system demonstration tests is shown in Table 8-4. The 
calculated pressurant quality changes shown in Table 8-5 are based on 
the loading conditions in Table 8-4; runs were conducted in accordance 
with the duty cycles established. 
Table 8-4 System Demonstration Loading Conditions 
Using System B Hardware 
Simulated Propellant (Freon 11) Load Clb) 
System A Pressurant Load 
Freon 22 Weight (lb) 
Initial Quality (%) 
System B Pressurant Load 
Genetron 32 Weight (lb) 
Eicosane Weight (lb) 
Initial Genetron Quality (%) 
8.2.3.1 System A Bipropel3.ant Expulsion 
Oxidizer Fuel 
Tank Tank 
90.0 
5.3 
29.0 
10.0 
9.0 
5~2 
73.0 
4.5 
33.1 
9.5 
8.0 
5.7 
For the System A runs the tanks were installed in a horizontal 
position as shown in Figure 8-16. Six System A expulsion runs were 
conducted. The single engine flow rate runs are shown in Figures 8-17 
and 8-18. For dual engine flow rate tests the performance is shown in 
Figures 8-19 and 8-20. Figure 8-21 shows the four-engine flow rate 
test results. 
The capability of System A operation is clearly demonstrated by this 
series of tests. Even at the maximum flow rates, the pressure decay 
was within the design limits. Two system design considerations are 
indicated, however, which would further improve operating performance. 
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Table 8-5. Pressurant Change During System Demonstration Testing (Simulated Propellant) 
** 
* System A Runs System BRuns 
System B Oxidizer Tank 1 2 3 4 5 1 
2 3 4 
Propellant (Freon 11) Flow (lb) 67.2 67.2 67.2 67.2 71.7 33.6 33.6 54.7 54.7 
Propellant Osage (%) 74.7 74.7 74",7 74.7 79.2 37.4 37.4 tiO.8 60.8 
Pressurant Initial Quality (%) 29.0 29.0 29.0 29.0 29.0 5.2 5.2 5.2 S.2 
Pr-~surant Final 'Quality (%) 78.2 78.2 78.2 78.2 81.5 17.7 17.7 25.6 25.6 
00 
I System B Fuel Tank 
N 
-.....J 
Propellant (Freon 11) Flow (lb) 55.8 55.8- 55.8 55.8 59.7 27.9 27.9 52.1 52.1 
Propellant Usage (%) 76 .. 5 76.5 76.5 76.5 8l.e 38.2 38.2 71.3 
71.3 
Pressurant Initial Quality (%) 33 .. 1 33.1 33.1 33.1 33.1 5.7 5.7 5.7 5.7 f 
Pressurant Final Quality (%) 81.2 81.2 81.2 81.2 84.2 16.7 16.7 26.1 26,.1 
* Run conditions defined in Table 8-2. 
** Run conditions defined in Tab Ie 8-3. 
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The importance of operation of the two heat exchangers synchronously is 
demonstrated particularly in the four-engine flow rat3 test. In this 
test the heat exchanger flow rate for both tanks was initiated on each 
pulse. Despite the high propellant flow rate, the pressure differential 
between the two tanks never exceeded 2 psi during propellant flow. 
On the balance of the runs, the only time a high (8 psi) pressure 
differential occurred was when the heat exchanger flow was initiated on 
only one tank. 
The pressure switches used in the tests conducted have a relatively high 
(7 psi) deadband. A system consideration would be to select a narrower 
deadband pressure switch to improve initiation of heat exchanger flow on 
both tanks simultaneously. 
A second system consideration is the relative efficiency of the heat 
" exchanger in relation to the required duty cycle. In the two tanks 
used, the fuel tank has the most efficient heat exchanger. This is 
demonstrated in the singl~ engine flow rate test, Figure 8-18, where, 
on the final pulses of the run, two propellant flow pulses were experienced 
before the oxidizer tank pressure had increased sufficiently to terminate 
heat exchanger flow. As the fuel tank heat exchanger flow always 
terminated prior to the next pulse, a pressure differential occurred. 
However, on the four-engine flow rate test, sufficient time was available 
between pulses so that the relative efficiency of the heat exchangers was 
unimportant. 
8.2.3~2 System B Bipropellant Expulsion (HSM) 
Eight bipropellant System B expulsion tests were conducted 
with Genetron 32 and Eicosane. The results for the single-engine flow 
rate with heat exchanger flow are shown in Figure 8-22 and without heat 
exchanger flow in Figure 8-23. For the four-engine flow rate, the 
results with heat exchanger flow are shown in Figure 8-24. Without heat 
exchanger flow, the results were as shown in Figure 8-25. 
In all the tests conducted, the oxidizer tank exhibited a higher pressure 
drop on the initial pulses than the fuel tank. This w~s attributed to 
8-34 
i 
,.~ 
i 
t 
00 
I 
C"l 
U"I 
-..". -- -
-.. '!If"-
W 
..-4 
til 
P. 
III 
H 
~ 
til 
til 
III 
H p.. 
~ 
E-4 
III 
~ 
til 
til 
1ll..-4 H til p..p. 
.-il 
as 
..-4-
+> 0 
ap.. 
III H I 
III 
IH IH 1Hp.. 
..-4_ 
A 
+> 
a .-i~ 
.-iO 
Illr-i golZt 
H p.. 
'ti..:...... " 
290 I ' v \ A + /" I I" f "f "F - I v " { A J\.. ,7 '\T 41 
\ ,,-\ 
v \ 
270 I . . I' ' ~ J I ,,} } 
,"" 
" , "-
'-./ '-
+2°1------~--~-J1------t------~------+-----~--~~~----~ ~ 1 
o , ~. ~ ~ Ki~giiWliif 
sane 
.~ 
sec 
t------+-----..... ~, w Rate O.22~ Th/sec 1 
on 
of.f 
o 
~-
Time - Second.s 
Figure 8-22 Dual Tank Expulsion Characteristics 
System B Duty Cycle Run No. 1 
.l 
240 
'\ -
1 
'j 
" 
*' 
. 
......... 
_ _J 
-;J - v" 
00 
I 
tN 
0\ 
... 
''lI>-
til 
..-t 
til 
PI 
v 
J..t 
;:j 
m 
m 
Q) 
J..t 
~ 
~ ~ 
E1 
Q) 
J..t 
;:j 
m 
m..-t 
V m 
J..t PI 
~ 
I 
r;d-. 
..-t 0 
~~ 
CI.I I 
~I 
U1 'H 
'H~ 
'H-
..-t 
A 
-g 
as 
r-I~ 
'«10 
Plr-I 
2"'" ~ 
---.,--
\ 
Fuell Tank: 
290 I \~L\ 1----- Oxidfzer Tank: ~ () '7'1 ~l'lltllnp 
\ 
270 1 ~ I"~ 
\ I 
v 
v t VL\: ;k 
\ ' 
\ ,"', / \ /\ 1\-
'v' ../ ,/" / 
vi V 
ec 
" /'" 
V ";'1' i ,L I v "" '\ /~~ '"'" 
• ...., " /4: ~O V 
+20 
o 
on 
" ;' v 
'\ .,,""-
'" " 
" 
off OI ____ ~~~~~~~~~-L~---L-i-~-L~~L-L-~-L-1~L-~1--L-1~L-L-1-JL-1-J 
o 
Time - Seconds 
Figure 8-23 Dual Tank Expulsion Characteristics 
System B Duty Cycle Run No. 2 
i~ ... ___ ___ _ 
f4 
'\ 
• 
1 
~l 
.. ' 
......... 
- .J 
-;J - ~"'~~ 
00 
I 
tI'I 
.....:J 
~\ 
~ i 
',<-".+~",I 
~ 
...t 
CD 
PI 
., 
J.t 
::s 
CD 
CD 
G 
J.t 
PI 
i 
';1 
...t 
~ 
ti 
J.t...t 
GCD 
'-tPl 
'-t 
...t • 
~ 
-U 0 ~~ 
.. '-t 
CllPI U_ 
Jt 
cat 
~ 
i 
..... :. 
'ito 
PI"'" 2'" 
PI 
. ~'II' - , 
290 
270 
250 • I 
+20 
o 
on 
aU 
o 
--~-~---~-
/ I / 
~.-
l 
t~, 
Fuel Tank: 9.51lb GenetronJ32 
8.0,lb Eicosane 
Frebn II Flow Rh.te 0.710 lb 
Orl 
-
I "/l ; "/t/ \! / \ /f \ t--' \ ./ \ .,,- \./ \ \ / /' , / \i \ / \ ./ \ 
' I V " \ \J 
~. 
~ 
a> 160 240 
... 
Time - Seconds 
Figure 8-24 Dual Tank Expulsion Characteristics 
, System B Duty Cycle Run No. 3 
\ .. _ _J 
-,j - .. 
00 
I 
~ 
00 
,~ 
tal 
~ 
III 
Pt 
IV 
~ 
III 
III 
0.1 
r-'! 
Po. 
~ 
a1 
.... 
.p 
6 
,.. .... 
IV III tPt 
~ . 
A 
-IV 0 
~~ 
III 'H 
III Po. 
GJ_ ,.. 
Po. 
.p 
a 
,~ -
290 
270 
250 
+20 
o 
on 
/ t • 
I ( 
\J 
/' 
/ 
..... 
1t~ 
Fuel Tank: 9.5l1b Genetronl32 
8.0 Ib Eicosane 
Fre
1 
n 11 Flov Rrte 0.714 lbrsec 
Oxiluzer Tank: 
/-1 
;' \ 
\ 
Ib/sec 
--, 
\ 
\ 
\ 
\ 
r-I 
r-I~ 
GJ 0 
Ptr-l erz. 
P4 
'--- I ,I 
cff ~ t£ 160 2· 
Time - Seconds 
Figure 8-25 Dual Tank Expulsion Characteristics 
, System B Duty Cycle Run No. 4 
-~~~-. __ 1 
'\ 
I '~ " ) 
...... 
.. 
~ 
,\ 
_ ~J 
II 
J 
i ./ 
the relative starting conditions in the two tanks. In the bipropellant 
test~, temperature of both tanks was increased until the eicosan& was 
melted. The tanks were then allowed to cool down to the starting 
conditions (just I.bove freezing temperatures of H5M). The fuel tank, 
which had a smaller mass of H5M, cooled slightly faster than the 
oxidizer tank. As a result, the oxidizer tank starting, temperatures were 
slightly higher than the fuel tank. In later propellant expulsion runs 
where only one tank was used, the startir.g temperatures and resulting 
pressure decay were nearly identical with resulting equivalent pressure 
drop. For actual system usage, a longer preconditioning time, with 
intermittent heat inputs, would allow a more equal temperature stabilization 
of both tank$. 
The results of these tests indicated that for pulse durations of the 
magnitude used (10 seconds), the heat storage material alone does not 
provide proper heat input to the pressurant.. This was particularly true 
with the lower flow rate. However, in those runs conducted with the 
heat exchanger operating in addition to the heat storage material, the 
system had no difficulty in maintaining the system pressure within the 
design limits. It should be noted, however, the the heat exchanger input 
for both tanks was nearly optimized for both duty cycle conditions 
investigated, i.e., pressure drop per pulse equal to pressure recovery 
between pulses. 
8.2.3.3 System B Bipropellant Expulsion (Genetron 32 only) 
In order to evaluate the effectiveness of the heat storage 
material when utilized in a. pulse mode operation, a series of System B 
bipropellant tests was conducted using Genetron 32 only in the pressurant 
cavity. The pressurant loading conditions are shown in Table 8-6. Six 
runs were conducted. The reslllts fo~ a single-engine flow rate with 
heat exchanger flow are shown in Figure 8-26 and with01it heat exchanger 
flow in Figure 8-27. For a four-engine flow rate with heat exchanger 
the results ar~ presented in Figure 8-28 and without heat exchanger 
flow in Figure 8-29. Two runs were conducted at a continuQus single-
engine flow rate for a duration of 300 seconds. The results with 
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Table 8-6 Pressurant Run and Load Conditions 
Dual Tank Runs - Genetron 32 Only 
System B Duty Cycle Runs* 
1 2 3 4 
Oxidizer Tank 
Initial Propellant (Freon 11) Load (lb) 90,.0 90.0 90.0 90.0 
Genetron 32 Weight (lb) 10.0 10.0 10.0 10.0 
Initial Pressurant Quality (%) 11.5 11.5 11.5 11.5 
Propellant (Freon 1iJFlow Rate (lb/sec) 0.211 0.196 0.846 0.823 
Propellant (Freon 11) Flow (lb) 31.6 ~~ ;II L~ .. 'fo 59.2 57.6 
Propellant Usage (%) 35.1 32.7 65.8 64.0 
Final Pressurant Quality (%) 23.5 22.6 33.7 33.1 
Fuel Tank 
Initial Propellant (Freon 11) Load (lb) 73.0 73.0 73.0 73.0 
Genetron 32 Weight (lb) 9.5 9.5 9.5 9.5 
Initial Pressurant Quality (%) 11.5 11.5 11.5 11.5 
Propellant (Freon 11) Flow Rate (lb/sec) 0.167 0.149 0.670 0.659 
Propellant (Freon 11) Flow (lb) 25.0 22.4 46.9 46.1 
Propellant Usage (%) 34.2 30.9 64.2 63.2 
Final Pressurant Quality (%) 23.4 22.3 32.3 32.4 
*Run conditions as defined in Table 8-3. 
~--~~~-~- --- ----_. !Ii. 
_ .... 
Continuous Freon 11 Flow 
300 Second Runs 
With* Without 
Heat I Heat 
Exchanger Exch.anger 
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heat exchanger flow are shown in Figure 8-30 and without heat exchanger 
flow in Figure 8-31. 
Cqmparing the results of these tests with the heat.. storage material test 
runs, the initial pressure drop was slightly lower and the tank pressures 
were maintained closer together than had been experienced with the heat 
storage material present in the tank. The lower initial pressure drop 
was as expected with higher initial qualities (11% instead of 5-6%). 
Without the mass of HSM, simultaneous temperature stabilization of the 
tanks was simplified. As had been previously noted in the heat storage 
material runs, the divergence of tank pressures primarily occurred on 
the initial pulse. Subsequent pulses indicated nearly equal pressure 
, 
drop in each tank. At the single-engine flow rates, the pulsing performance 
for both tanks was nearly identical to that experienced with the fuel 
tank run with HSM. This was true for the run with and without the heat 
exchanger input and clearly indicated no influence on the pulsing per-
formance by the heat storage material at the lower flow rates. However, 
at the four-engine flow rates, higher pressure levels were achieved with 
the heat storage material in the tank than with the Genetron only present. 
This was attributed to the fact that with the low engine flow rates, the 
temperature decay in the Genetron is probably not sufficient to trigger 
solidification of the heat storage material. If the temperature 
differential is sufficient, as soon as propellant flow is terminated, 
the temperature of the vapor starts to increase and quickly removes the 
temperature differential required to solidify the heat storage material. 
For the four-engine flow rates, the temperature differential occurring is 
much larger. On termination of flow, it requires a considerably longer 
period of time before the temperature difference disappears. This allows 
the heat storage material to solidify over at least a part of the run and 
results in some heat input into the pressurant. 
8.3 Propellant Testing 
To investigate whether differences occur between actual propellant 
expulsion and simulated propellant expUlsion, individual tank investigative 
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"".,- runs utilizing u.I::t;:cral propellants were conducted at the duty cycles 
used in the bipropellant tank runs. 
Expulsion with pl'op~'llants required a modification to the test setup to 
provide the safety precautions necessary in handling hazardous materials. 
The revised tes.t setup schematic is shown in Figure 8-32. 
The propellants required for use in each of the tanks are listed below: 
Table 8-7 Propellants Utilized in System Tests 
Tank Propellant 
System A 
Oxidizer 
Fuel 
System B 
Oxidizer 
Fuel 
N204 
Aerozine-50 
During the propellant testing, loading of the pressurant and the propellant 
into the tanks was conducted in accordance with the established loading 
procedure. For the System B tests the required amount of Eicosane was 
installed in a liquid state and allowed to solidify in the moveable 
bellows header prior to starting pressurant and propellant loading. 
8.3.1 System A Propellant Testing 
The System A propellant runs were conducted in accordance with 
the System A duty cycle running conditions (Table 8-2). Six propellant 
expulsion runs were made with the System A fuel tank using Aerozine-50 
as the propellant. 
The single-engine flow rate performance at a 50 percent duty cycle is 
shown in Figure 8-33 and at a 10 percent duty cycle in Figure 8-34. The 
performance characteristics of the two-engine propellant flow rate at a 
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50 percent duty cycle are shown in Figure 8-35 and a 10 percent duty cycle 
in Figure 8-36. The four .. engine flow rate at a 50 percent du.ty cycle 
performance characteristic are shown in Figure 8-37. 
Five propellant expulsion runs were then made \~ith the Syste;m A oxidizer 
tal\k using N204 as the propellant. The results of the single-engine flow 
rate performance at 10 percent duty cycle are shown in Figure 8- 38 and 
50 percent in Figure 8-39, The results of the two-engine performance are 
shown in Figures 8 .. 40 and 8-41 for the 10 and 50 percent duty cycles. 
The four-engine flow run results are shown in Figure 8-42. 
The results obtained were quite comparable with the performance obtained 
during the bipropel1ant tank testing using the Syste'm B tanks ~ The 
pressure drop per pulse was slightly smaller than that experienced pre-
viously. The System A bip'X'opellant test runs, with the System B tank5, 
were made using the same flow rates as were used in the propellant tests. 
This resulted in a slightly smaller percentage of the total tank volume 
flowed per pulse in the System A tanks over that experienced uuring 
System A tests conducted with the Systenl B tanks, and provided a smaller 
percent change in pressurant quality per pulse. A comparison of the 
fuel tank pressurant load conditions between the System A bipropellant 
runs with the System B tanks and the propellant runs with the System A 
tanks is shown in Table 8-8. 
A slight improvement was experienced in the rate of return of the tank 
pressure to the level where the pressure switch discontinued heat ex-
changer flow. With the larger tanks, the area of liquid pressurant in 
contact with the heat exchanger is increased, resulting in improved hea.t 
transfer. The tendency for a more efficient heat exchanger on the fuel 
tank, found in the System B tanks, was also exhibited by the System A 
tanks. 
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Table 8-8 Fuel Tank Pressurant Conditions During Expulsion Testing 
System A Run No.* 
System A Fuel Tank 1 2 345 
Propellant (Aerozine 50) load (lb) 
Propellant Flow (lb) 
Propellant Usage (%) 
Pressurant (Freon 22) Weight (lb) 
Pressurant Initial Quality (%) 
Pressurant Final Quality (%) 
System B Fuel Tank 
Propellant (Freon 11) load (lb) 
Propellant Flow (lb) 
Propellant Usage (%) 
Pressurant (Freon 22) Weight 
Pressurant Initial Quality (%) 
Pressurant Final Quality (%) 
*Run condition defined in Table 8-2. 
8.3.2 System B Propellant Testing 
73.0 
33.3 
.\5.1 
6.5 
29.2 
61. 7 
73.0 
55.8 
76.5 
4.5 
33.1 
81. 2 
73.0 
33.3 
45.7 
6.5 
29.2 
61. 7 
73.0 
55.8 
76.5 
4.5 
33.1 
81. 2 
73.0 
33.3 
45.7 
6.5 
29.2 
61. 7 
73.0 
55.8 
76.5 
4.5 
33.1 
81. 2 
73.0 
33.3 
45.7 
6.5 
29.2 
61.7 
73.0 
55.8 
76.5 
4.5 
33.1 
81.2 
The System B propellant expulsion tests were conducted in 
accordance with the System B duty cycle conditions (Table 8-3). 
73.0 
35.5 
48.7 
6.5 
29.2 
63.7 
73.0 
59.7 
81. 8 
4.5 
33.1 
84.2 
The prope11an~ supply tank was loaded with N204. Seven expulsion runs 
were made with the System B oxidizer tank. The results of single-engine 
flow rates with and without heat exchanger flow are shown in Figure 8-43. 
The performance characteristics of the tank with fvur-engine flow rates. 
with and without heat exchanger flow are shown in Figure 8-44. 
At both flow rate levels, a performance improvement in the form of a 
higher pressure level was noted over the results obtained during the 
bipropel1ant runs. This improved performance with the oxidizer tank was 
attributed to a difference in preconditioning of the system prior to 
starting propellant flow. During preconditioning for the propellant 
runs, the temperature of the heat storage material was maintained above 
the melting point for a longer period of time than during the dual system 
tests. It is felt that incomplete melting of the heat storage material 
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~ 
or a slightly superheated pressurant condition occurred in the oxidizer 
tank during the bipropellant tests. This further supports importance of 
proper preconditioning of the system in order 1!\"),r the heat storage 
material to be effective during operation. 
The propellant supply tank was loaded with MMH and four expulsion runs were 
made with the System B fuel tank. The results of single-engine flow 
rates with and without heat exchanger flow are shown in Figure 8-45. The 
expulsion characteristics of the fuel tank with a four-engine propellant 
flow rate with and without heat exchanger flow are shown in Figure 8-46. 
It will be noted that all four fuel tank runs apparently operated at a 
pressure level of approximately 20 psi higher than had been experienced 
with any previous System B expulsion runs either with propellants or 
with the simulated propellant. Although the source could not be 
determined, it was felt that the apparent increase in pressure operating 
level was caused by an offset calibration error. Comparison of the 
pressure drop per flow pulse and the pressure recovery between flow 
pulses with the results obtained during the oxidizer tank propellant 
tests indicates very satisfactory performance. 
Taking into account the 20 psi data shift, the results without heat ex-
changer flow showed improved performance over the simulated propellant 
test results. This was probably a result of preconditioning differences. 
However, with heat exchanger flow, the amount of pressure decay and 
recovery rate we.re almost equal. 
8.4 Test Problems 
During system demonstration testing the bellows °in the System B 
oxidizer tank was inadvertently subjected to an excessive differential 
pressure. This resulted in rupture of the bellows. Photographs of 
damage to the System B oxidizer tank bellows are shown in Figure 8-47. 
At the completion of a low flow rate Tun, the flow control valve was re-
adjusted for a high propellant flow rate. The tank was then allowed to 
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stand for approximately 20 minutes with no heat input. Prior to re-
initiating the heat exchanger flow, a short pulse was made to verify the 
flow rate setting. During the shutdown period the EicosB.ne had been 
continuing to solidify and apparently became sufficiently solid that it 
restrained the bellows. With the initiation of the propellant flow, with 
the bellows in an apprl;)ximately 10 percent open condition, the pressure 
in the propellant cavity decayed rapidly. At a differential pressure of 
approximately 120 psi across the bellows, the pressure in the propellant 
cavity increased slightly and leveled off for the balance of the flow 
pulse. Apparently rupture of the bellow~ occurred allowing leakage of 
Genetron 32 from the pressurant cavity into the propellant cavity. Not 
realizing that the bellows had been ruptured, an attempt was made to 
load the propellant. With a reduction in the amount of Genetron 32 in 
the pressurant cavity, a high (40 psi) internal pressure differential was 
induced on the restrained bellows which resulted in collapse of the header 
as shown in Figure 8-48. The tank was removed from the test stand and 
returned to Metal Bellows Corporation for repair. 
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9.0 AUXILIARY PROPULSION SYSTEM DEMONSTRATION 
As a final phase of thy program, a series of reaction control 
engine firings was conducted using the volatile liquid pressurization 
system and flight-weight bellows tankage to provide positive propellant 
feed to the engines during operation. These tests were intended to 
demonstrate the volatile liquid pressurization concept during operation 
of a complete auxiliary propulsion system and to determine the effects of 
the reaction imposed by engine operation on the expulsion characteristics. 
Because the System A oxidizer tank was not available, both System A and 
System B tests were conducted using the System B tanks. As a result, the 
System A tests were conducted at a lower total propellant capacity. 
The tests were conducted firing two 100-lb-thrust engines connected in 
parallel to the propellant tanks. The two engines were operated 
independently to different duty cycles. This allowed investigation of a 
wide range of operation conditions. A summary of the test conditions 
and performance is shown in Table 9-1. 
For System A operation two Apollo Service Module engines manufactured by 
the Marquardt Corporation were used. For System B operation two ablative 
engines ~esigned and built for NASA by TRW under Contract NAS9-Sl86 were 
used. A System A engine is shown in Figure 9-1 and a System B engine in 
Figure 9-2. 
Operating characteristics experienced during these tests were very 
comparable to the results of the pressurization system demonstration 
tests. Volatile liquid pressurization performance during operation of 
a complete auxiliary propulsion system was satisfactorily demonstrated. 
Apparently the only effect on the pressurization system performance 
resulting from the dynamics of engine operation was beneficial and 
occurred during System A testing. During rapid short pulse operation of 
only one engine, when the tank heat exchangers were off, the pressure 
surge from the valve closing appeared to transmit back into the 
9-1 
• 
..... 
I 
t Table 9 .. 1 A.uxiliary Propul.sion System Test Operating Parameters 
Oxidizer 
Average Flow Rate/Engine-Lb/Sec 
Fuel 
Average Flow Rate/Engine-Lb/Sec 
Pressurant 
Heat Storage Material 
Heat Exchanger 
Fluid 
Inlet Temperature .. of 
Flow Rate - Lb/See 
Tank Operating Pressure .. psig 
Maximum 
Nominal 
Minimum 
Engine Pulse Width .. Seconds 
Maximum 
Minimum 
Engine Pulse Frequency 
Maximum 
Minimum 
Engine Duty Cycle - % On Time 
Maximum 
Minimum 
Engine Chamber Pressure psig 
Maximum 
Nominal 
Minimum 
*Heat Exchanger Flow Termination 
**P1ateau Pressure from Eieosane Freezing 
9-2 
System A System B 
N204 N204 
0.241 0.242 
MMH MMH 
0.124 0.108 
Freon 22 Genetron 32 . 
Eicosane 
60% ethylene glycol .. 
40% water 
179 
0.035 
170.2 
168.7* 
163.5 
8.0 
0.025 
4 eye/sec 
1 eye/IS sec 
80 
5 
84.6 
84.1* 
82.0 
311. 7 
273.2** 
229.5 
30.0 
10.0 
1 eye/30 sec 
1 eye/50 sec 
75 
33 
150.2 
134.5** 
120.3 
i 
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( 
propellant tank. The transducer sensed a pressure impulse and initiated 
heat exchanger flow prematurely. This had the effect of reducing the 
operating deadband and tank pressure operating band. With both engines 
operating, the pressure surges were damped considerably. 
9.1 Test Procedure 
In order to conduct the auxiliary propulsion system demonstration 
it was necessary to buildup a test stand in accordance with the test 
schematic shown in Figure 9-3. The fuel tank and associated heat input 
system are shown in Figure 9-4 and the oxidizer tank in Figure 9-5. 
Typical tank connections to the heat exchanger and pressurant cavity are 
shown in Figure 9-6. 
The basic loading and test conduct procedures used were identical to those 
used during the pressurization system propellant tests, modified only to 
accommodate the more complex sYbtem. The operating check sheets used 
are presented in Appendix D. 
Just prior to operating the engine valves, the recording equipment wa.s 
started to reload the parameters listed in Table 9-2. The tank pressures, 
heat exchanger flows, heat exchanger inlet temperatures, and pressurant 
vapor temperatures were recorded on one oscillograph. Engine pressures, 
propellant flows, and engine valve signals were recorded on another 
oscillograph. The balance of the parameters and selected backup 
parameters were recorded on strip charts. The recording center is shown 
in Figure 9-7. 
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Table 9-2 Engine Testing Recorded Parameters 
Parameter 
Pressures 
Pressurant Cavity Fuel Tank 
Propellant Cavity Fuel Tank 
Fuel Tank Differential Pressure 
Pressurant Cavity' Oxidizer Tank 
Propellant Cavity Oxidizer Tank 
Oxidizer Tank .Differentia1 Pressure 
Fuel Inlet Pressure Engine No. 1 
Oxidizer Inlet Pressure Engine No. 2 
Fuel Inlet Pressure Engine No. 2 
Oxidizer Inlet Pressure Engine No. 2 
Fuel Supply Tank Pressure 
Oxidizer Tank Pressure 
Chamber Pressure Engine No. 1 
Chamber Pressure Engine No. 2 
Flows 
Heat Exchanger Fuel Tank 
Heat Exchanger Oxidizer Tank 
.Fue1 Engine No. 1 
Oxidizer Engine No. 1 
Fuel Engine No. 2 
Oxidizer Engine No. 2 
Type of Record 
Oscillograph and Gage 
Oscillogrpah and Gage 
Readout Meter 
Oscillograph and Gage 
Oscillograph and Gage 
Readout Meter 
Oscillograph 
Oscillograph 
Oscillograph 
Oscillograph 
Gage 
Gage 
Oscillograph and Meter 
Oscillograph and Meter 
Oscillograph and Meter 
Oscillograph and Meter 
Oscillograph and Meter 
Oscil-ograph and Meter 
Oscillograph and Meter 
Oscillograph and Meter 
Operating Range 
System A System B 
150-170 psig 
150-170 psig 
± 25 psi 
150-170 psig 
150-170 psig 
! 25 psi 
140-170 psig 
140-170 psig 
140-170 psig 
140-170 psig 
0-170 psig 
0-170 psig 
80-110 psig 
80-110 psig 
20-40 cc/sec 
20-40 cc/sec 
0.111 Ib/sec 
0.222 lb/sec 
0.111 lb/sec 
0.222 lb/sec 
250-350 psig 
250-350 psig 
± 25 psi 
250-350 psig 
250-350 psig 
± 25 psi 
230-350 psig 
230 .... 350 psig 
230-350 psig 
230-350 psig 
0-350 psig 
0-350 psig 
80-110 psig 
80-110 psig 
20-40 cc/sec 
20-40 cc/sec 
0.111 lb/sec 
0.222 lb/sec 
0.111 Ib/sec 
0.222 lb/sec 
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Temperatures 
Puel in Propellant Tank 
Oxidizer in Propellant Tank 
Pressurant Liquid Puel Tank 
Pressurant Vapor Puel Tank 
Pressurant Liquid Oxidizer Tank 
Pressurant Vapor Oxidizer Tank 
Heat Exchanger Inlet Puel Tank 
Heat Exchanger Outlet Fuel Tank 
Heat Exchanger Inlet Oxidizer Tank 
Heat Exchanger Outlet Oxidizer Tank 
Fuel Engine No. I 
Oxidizer Engine No. I 
Fuel Engine No. 2 
Oxidizer Engine No. 2 
Five Case Temperatures En.gine No. I 
Five Case Temperatures Engine No. 2 
Miscellaneous 
Fuel Tank Weight 
Oxidizer Tank Weight 
Engine Valve Current (4) 
Engine Valve Voltage (4) 
'--
Table 9-2 (Cont'd) 
Type of Record 
Strip Chart 
Strip Chart 
Strip Chart and Meter 
Oscillograph and Meter 
Strip Chart and Meter 
Oscillograph and Meter 
Strip Chart 
Strip Chart 
Strip Chart 
Strip Chart 
Strip Chart 
Strip Chart 
Strip Chart 
Strip Chart 
Str.ip ChaTt 
Strip Chart 
Meter 
Meter 
Oscillograph and Meter 
Oscillograph 
~-.--
Operating Range 
System A System B 
8S-9S 0 p 
8S-9S oF 
8S-9Sop 
8S-9Sop 
8S-9SoF 
8S-9SoF 
80-180op 
80-170°F 
80-180op 
80-l70°F 
8S-9SoF 
8S-9S oF 
8S-9Sop 
8S-9Sop 
0-600°F 
0-600op 
0-170 lb 
0-200 Ib 
0-1. 0 amp 
0-30 vdc 
8S-10S0F 
8S-10SQF 
8S-10Sop 
8S-10SoF 
8S-10Sop 
8S-l0SoF 
80-120°F 
80-120°F 
80-120°F 
80-120°F 
85-9SoF 
8S-9SoF 
8S-9SoF 
8S-9SoF 
0-600op 
0-600°F 
0-170 Ib 
0-200 1b 
0-1.0 amp 
0-30 vdc 
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9.2 System B Auxiliary Propulsion System Tests 
Because of the availability of engines, the System B tests were 
conducted first. The System B engine installation is shown in Figure 9-8. 
The propellant expulsion tanks are located back of the partition shown. 
Typical engine connections and location of various instrumentatic~ 
parameters are shown in Figure 9-9. 
The engines used were designed and fabricated by TRW for NASA to meet the 
requirements of the Apollo Command Module. 
The engine is characterized by the following major components: 
• A capillary tube injector having an injection pattern 
consisting of eight doublets. 
• A si.1ica-phenolic ablative chamber liner with an integrally 
wrapped tanta1um-lO tungsten th-t'oat insert having, a Durak 
"MGF" oxidation resistant coating. 
• A normally closed biprope11ant solenoid valve furnished 
by Moog Inc. 
The major components comprising the e,ngine assembly are shown in 
Figure 9-10 . 
. 
In an attempt to in~rove the performance of System B it was decided to 
increase the amount of Genetron 32 and Eicosane in the pressurant cavity 
so that the initial vapor volume would be decreased. The lower init.ia1 
vapor volume was expected to provide a more rapid temperature decay to 
initiate early Eic()sane freezing. It was decided to reduce the initial 
vapor volume to 5 percent* of the total tank volume. Figure 9-11 indi-
cates the relationship between Eicosane and Genetron weights required for 
*An ullage volume comparable to that used in previous tests conducted by 
NASA using command module tanks. 
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Figure 9-9 Sys tem B Engi ne Connect"ons 
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this condition. An Eicosane weight of 9.5 pounds was selected and 
resulted in the loading conditions shown in Table 9 .. 3. A series of 
engine checkout runs Was made using the facility tanks to provide a basis 
for measuring performance during the system tests. Two system tests were 
conducted. The two engines were individually controlled at different 
duty cycles to provide a variety of flow conditions. The run duty 
cycles are summarized in Table 9-4. 
The system was loaded and tests conducted in accordance with the 
established test procedures. The engine runs resulted in calculated 
quality pressurant changes as shown in Table 9-5. 
During the second system test, the throat in the engine subjected to 
the engi.ne No. 1 duty cycle evidenced burn through by extensive spark 
ejections. This engine was shut down after 187 seconds in run No.2. 
The failure was apparently caused by hot gas leakage behind the throat 
insert resulting in a local hot spot and throat burn through. At the 
time this failure occurred the engine had accumulated a total of 360 
seconds of firing time. This compares favorably with the design life of 
the engine which is 300 seconds minimum firing time. 
Table 9-3 System B Test Loading Conditions 
Oxidizer Fuel 
Tank Tank 
N204 (lb) 90.0 . 
MMH (lb) 44.0 
Genetron 32 (lb) 12.25 12.0 
Eicosane (lb) 9.5 9.5 
Initial Genetron Quality (%) 2.0 1.7 
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Table 9-4 System B Test Duty Cycle 
ENGINE CHECKOUT RUNS (BOTH ENGINES) 
Oxidizer 
Supply Fuel Supply 
Pulse Width Pressure Pressure 
Run No. Number of Pulses (sec) (psig) 
(psig) 
----.-
C-OOI 1 3.0 
280 280 
C-002 1 3.0 
260 260 
C-003 1 Engine #1 5.0 
260 260 
Engine #2 3.0* 
*Firing of Engine No. 2 to lag Engine No. 1 DY 3.0 sec. 
SYSTEM TESTS 
Accum- End of 
Start Pulse Pulse ulated Last 
Time No. of Width Period On-Time Pulse 
Run No. Engine No. (sec) Pulses (sec) (sec) 
(sec) . (sec) 
'~; 
B-001 1 0 9 20 
35 180 300 
B-OOI 2 0 6 30 
50 180 280 
B-002 - 1 0 9 30 
40 270 350 
12 30 120 340 B-002 2 0 10 
I j 
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Table 9-5 Expected Pressurant Change During System B Testing 
Run Run 
B-OOI B-002 
Oxidizer Tank 
N204 Flow (lb) 80.0 86.6 
Propellant Usage (%) 89.0 95.3 
Pressurant Initial Quality (%) 2.0 2.0 
Pressurant Final Quality (%) 26.7 28.6 
Fuel Tank 
MMH Flow (lb) 40.0 43.3 
Propellant Usage (%) 91.0 98.5 
Pressurant Initial Quality (%) 1.7 1.7 
Pressu'.tant Final Quality (%) 22.6 24.4 
As can be seen from the performance curves of the two runs, Figures 9-12 
and 9-13, initiation of Eicosane freezing occurred on the initial pulse. 
In one case, this occurred as early as 2.7 seconds. However, as indicated 
during the pressurization system testing, when operating in a pulsing 
mode the vapor expansion providing the temperature differential to 
initiate EicQsane freezing disappears on shutdown. In a nonflow condition 
the volatile liquid tends to stabilize and the vapor temperature increases. 
, -
Because of the increasing Q'as volume it becomes more and more difficult 
to obtain an adequate temperature drop. As shown in the performance 
curves there is no definite indication of Eicosane operation beyond the 
secon~ period of no propellant flow. Pressure is primarily controlled by 
self vaporization of the Genetron 32. The results of these tests verified 
the conclusions made during the earli~r cold flow tests that the most 
effective use of a heat storage material is limited to a continuous flow 
mode of operation. 
Very good overall system performance was achieved, however, even with the 
limited Eicosane heat input. In one run the overall pTessure decay from 
the initial pressure plateau was approximately 35 psi. In the other run 
the decay was only 20 psi but part of the reduction is attributable to 
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the fact that only one engine was firing during the latter part of '~he 
test. However, in spite of the magnitude of the decay, excellent ·relative 
tank p~essure levels, which are more important in a bipropellant system, 
were achieved. The tank pressure levels were maintained within a maximum 
of 5 psi of each other for nearly the entire run. 
The relative tank pressure decay was reflected in the engine ct.amber 
pressures which decayed by an equivalent percent. 
Operation of the engines was very smooth as shown in a typical 
oscillograph trace Figure 9-14. The temperature profile of the engines 
is shown in Figures 9-15 and 9-16. 
9.3 System A Auxiliary Propulsion System Tests 
The test stand was modified to allow conduct of the System A 
tests. The two engines supplied by NASA for use in this test were flight 
configuration Apollo Service Module engines manufactured by the Marquardt 
Corporation. 
The two Marquardt engines were installed as shown in Figure 9-17. Typical 
engine connections are indicated in Figure 9-18. Duri?g removal of the 
Eicosane from the fuel tank after the System B tests it was noted that 
the lower nylon guide button on the aft ring of the bellows capsule was 
bent over. To avoid any problems during the System A tests, the fuel 
tank was reoriented 180 degrees relocating the heat exchanger inlet and 
the damaged button on the top of the tank. This allowed the bellows to 
ride on a different pair of nylon guide buttons during cycling. The 
reoriented tank with insulation installed is shown in Figure 9-19. 
Because the Apollo engines are capable of operation with either Aerozine-
50 or MMH as the fuel, it was decided to conduct the System A tests using 
MMH. This minimized the a.mount of cleaning required in changing from 
System B to System A tests. 
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The pressurant and propellant loading c.onditions summarized in Table 9-6 
are similar to those used during the p]~opellant expulsion testing con-
ducted during the pressurization system tests. In conducting the two 
system tests, the engin~ duty cycles were coordinated with NASA to assure 
compatibility ~ith the limitations of the engines. The engine checkout 
.run cycle conditions used are summarized in Table 9-7, and, the system 
tests in Table 9-8. 'The calculated resulting pressurnnt changf~s in the 
system tests are given in Table 9-9. 
Table 9-6 System A Test Loading Conditions 
Oxidizer Fuel 
Tank Tank 
Run No. A-OOl A-002 
A-OOl A-OO'2 
, 
N
2
04 (lb) 
89.90 90.40 
44.15 44.18 
MMH (lb) 
Freon 22 (lb) 5.26 5.26 
4.54 4.54 
'The system was loaded and the tests condur.:,ted in accordance with the 
established test procedures. During both 1'uns, the volatile liquid 
system performed extremely well. 'The heat exchanger experienced no 
difficulty in maintaining operating pressure at duty cycles below 50 
percent. During the maximum duty cycle tested, 80 percent on one engine 
and 50 percent on the other, a slight, approximately 5 psi, pressure 
drop ~as experienced in tank pressure over the 60 second operating time 
at this duty cycle. 
As expected, the use of the electronic switches to obtain a closer 
deadband on heat exch8;nger flow resulted in considerable imprO'\tement in 
system performance. 
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Table 9-7 System A Engine Checkout Runs 
Start Pulse Pulse 
Time No. Of Width Period 
(sec) Pulses (sec) (sec) 
0 12 0.1 0.5 
0 2 1.0 5.0 
0 g 0.5 1.0 
0 2 2,,5 5.0 
0 5 1.0 3.0 
0 2 5 10 
f:4 
Oxidizer 
Supply Fuel Supply 
Pressure Pressure 
(psig) (psig) 
165 165 
165 165 
165 165 
165 165 -
165 165 
" 165 165 
" 
~ ~:~;,-~'-
"~ r J 
, »,.r~' 
Table 9-8 System A Test Duty Cycle 
Test No. A-001 
Start Pulse Pulse 
Time No. Of Width Period On-Time 
Cycle No. Engine No. (sec) Pulses (sec) (sec) (sec) 
1 1 0 240 0.10 0.25 24.0 
2 0 12 1.00 5.00 12.0 
2 1 120 480 0.10 0.25 48.0 
2 120 24 2.50 5.00 60.0 
3 1 300 240 0.10 0.50 
~--~' ~D 
2 300 12 2.50 10.00 3U.O 
4 1 720 120 0.10 2.00 12.0 
\0 2 720 24 1.00 10.00 24.0 I 
~ 
N 5 1 1020 120 0.50 1.00 60.0 
2 1020 12 5.00 10.00 60.0 
Test No. A-002 
1 1 0 20 - 1.00 3.00 20.0 
2 0 4 5.00 15.00 20.0 
2 1 120 20 1. 00 3.00 20.0 
2 120 4 5.00 15.00 20.0 
3 1 190 120 0.10 1.00 12.0 
2 190 12 1.00 10.00 12.0 
4 1 370 30 1.00 2.00 30.0 
2 370 6 8.00 10.00 48.0 
5 1 440 60 0.025 0.25 6.0 
2 440 6 -1.00 10.00 6.0 
6 1 840 120 0.10 1.00 
12.0 
2 840 12 1.00 10.00 12.0 
7 1 1020 30 1.00 2.00 
30.0 
2 1020 6 8.00 10.00 48.0 
8 1 1140 300 0.10 1.00 
30.0 
2 1140 30 1.00 10.00 30.0 
*----
~-~. 
Accumulated End Of 
On-Time Last Pulse 
(sec) (sec) 
24.0 59.85 
12.0 56.00 
72.0 239.90 
72.0 237.50 
96.0 419.60 
102.0 412.50 
108.0 958.10 
126.0 951.00 
168.0 1139.5 
186.0 1135.0 
20.0 57.0 
20.0 50.0 
40.0 177.0 
40.0 170.0 
52.0 309.1 
52.0 301.0 
82.0 429.0 
100.0 427.0 
88.0 449.1 
106.0 491.0 
100.0 959.1 
118.0 95LO 
130.0 1079.0 
166.0 1077.0 
160.0 1439 .. 1 
196.0 1431.0 
Off 
Time 
(sec) 
36.0 
48.0 
72.0 
60.0 
96.0 
90.0 
228.0 
216.0 
60.0 
60.0 
40.0 
40.0 
40.0 
40.0 
108 
108 
30.0 
12.0 
54 
54 
108 
108 
30.0 
12.0 
L.~" \ 
,- '" 
~. 
.;I 
Table 9-9 Calculated Pressurant Quality Change During System A Testing 
Run Run 
A-001 A-002 
Oxidizer Tank 
N204 Flow (lb) 84~7 85.1 . 
Propellant Usage (%) 94.2 94.1 
Pressurant Initial Quality (%) 28.6 28.2 
Pressurant Final Quality (%) 92.0 91.8 
Fuel Tank 
MMH Flow (lb) 42.4 44.1 
Propellant Usage (%) 94.1 99.8 
Pressurant Initial Quality (%) 32.0 31.9 
Pressurant Final Quality (%) 89.3 89.5 
It was originally intended to adjust the electronic switches to control 
the water glycol flow initiation on decay of the tank pressure to 165 psig, 
with the deadband for each tank set at approximately 1.5 psi. Through 
error, however, the actual operating conditions set by the switches are 
shown in Table 9-10. The effect of the lower deadband «1 psi) was 
higher cycling of heat exchanger operation and narrower total pressure 
variation'. In a system application, the minimum operatio'ilal deadband 
may be limited by cycle life of the heat control system. 
Table 9-10 Operating Pressure Levels for System A Heat Exchanger 
Oxidizer Fuel 
Tank Tank 
Heat Exchanger Flow initiated - psig 167.7 168.9 
Heat Exchanger Flow terminated - psig 168.0 169.4 
Switch Deadband - psi 0.3 0.5 
• • • 
Throughout both runs the engine cycling had little, if any, effect on 
the volatile liquid pressurization system operation. Typical oscillograph 
traces indicating engine operation and the magnitude of pressure surge 
oscillation resulting from valve closure are shown in Figures 9-20 
through 9-22. The three figur~s show the variance in magnitude of the 
dynamic loads at various engine duty cycles. It can be noted that the 
influence of engine operation is greatly reduced when the second engine 
is firing. The transmission of these inputs to the propellant tanks as 
well as typical heat exchanger operation are shown in the oscillograph 
traces in Figure 9-23. 
During the two tests the rea.ction of the two heat input systems was 
slightly different in the mode of heat exchanger flow. On the fuel tank 
the heat exchanger flow cycled satisfactorily showing well defined 
initiation and termination of flow. In general, the fuel heat exchanger 
operated in conjunction with multiples of the frequency of firing of 
engine No.2. On the oxidizer tank, however, this only occurred during 
cycles in which the pulse width on engine No.1 was greater than 0.10. 
second. At all other times the oxidizer tank heat e~changer flow was a 
series of very short duration pulses as shown in Figure 9-24. Th~,s 
condition occurred over engine duty cycles varying from 7 to 45 percent. 
This action apparently was the"result of a' combination of factors. The 
heat exchanger valves were a commercial three-way valves not designed for 
fast operation. Because of the short duration pulsing, the magnitude of 
pressure decay per pulse and the average rate of pressure decay were 
small. As the pressure level approached the actuation point, the 
electronic switch only partially closed and allowed a low level of 
current to flow, cracking the bypass valve. The trickle of heat exchanger 
fluid flow was sufficient to allow the pressure level to increase slightly, 
opening the switch and closing the valve. As the pressure change was very 
small the cycle was repeated with engine pulsing. In relation to overall 
system performance, however, there were no adverse effects from the two 
modes of operation as shown in Figures 9-25 and 9-26. The heat exchanger 
usage, in relation to propellant flow rate, compared very favorably in 
the two test tanks as shown in Table 9-11. 
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Run 
A-001 
A-002 
Cycle 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
6 
7 
S 
Engine 
Usage 
(%) 
28.7 
42.S 
22.5 
7.5 
50.2 
34.0 
33.7 
10.1 
61.7 
9.9 
10.2 
63.7 
10.2 
j 
Table 9-11 Heat Exchanger Usage - System A Tests 
Fuel Tank Oxidizer Tank 
Average Accumulated Average Accumulated 
Heat Time/ on Heat Time.! 
on 
Exchanger Operation Time Usage Exchanger Operation 
Time 
QEerations (sec) r.,.or) (%) Oper~tions (sec) (sec) \.~- -
7 1.S** 19.9 33.4 * * 
20.0 
22 2.6** 66.2 55.2 * * 
62.2 
10 2.3** 2S.5 23.S * 
* 27.9 
4 4.5 lS.l 7.5 * * 
16.4 
1 127.4 106.5 10 
5.9** 7S.9 
3 6.S** 30.2 53.1 4 
3.7** 24.1 
4 7.0 2S.0 49.1 4 4.6 
lS,,4 
4 3.6 13.9 11.7 * 
* 6.9 
1 66.2 105.3 4 
6.5** 50.3 
3 3.7 6.2 * * 
2.9 
1 3.9** 16.6 13.7 * 
* 16.0 
75.9 125.5 1 57 .. 2 
4.6 36.7 12.3 * * 3S.3 
* Intentti ttant or irregular flow. 
**'Fne initial heat exchanger operation in the cycle was omitted in determining the average 
This initial flow was from three to five times the duration of the 
stable operation time. balance of the operations in the cycle in order to raise the tank wall temperature to the 
operating level. 
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33.6 
51.S 
23.4 
6.8 
66.0 
42.4 
32.4 
5.8 
\ 
80.1 
4.9 
13.2 
94.7 
12.8 
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The relatively stable operation of the volatile liquid pressurization 
system is shown in Figures 9-27 and 9-28. In a perfect system pressurant 
saturation would be maintained throughout the expulsion run. The degree 
of unsaturation would be reflected in the percent quality of the volatile 
liquid. As can be seen for both runs made, the quality varied almost 
linearly through the run. The maximum amount of superheat noted in the 
vapor' phase wa~ 6°F. This occurred in both runs at the conclusion of the 
cycle just prior to the long off time requirt)d to change i'nstrumentation 
recording paper. In both instances the superheat had reduced to app~~ox­
imate1y 2°p by the time firing was resumed. 
The pressure drop performance of the system suwnarized in Figure 9-29, 
indicates that a 1/2 psi drop in fuel tank pressure, the switch deadband, 
results from a single engine flow duration varying from 1.3 seconds at 
the beginning of the run to 4 seconds at the end of the run. The 
corresponding flow durations for the oxidizer tank are 2 and 6 seconds. 
The heat exchanger flow initiation followed this trend, with the exception 
of the intermittent oxidizer heat exchange cycling previously discussed. 
During expulsion operation two conditions occur which would cause the 
tank pressure to exceed the limits of the switch operating band. On 
initiation of heat exchanger flow, if engine firing continues a time lag 
will occur before the heat input results in vaporization of the volatile 
liquid. During this time, the tank pressure will continue to decay. The 
amount of pressure drop depends on the magnitude and duration of the 
engine firing. The maximum value experienced, 5 psi on the fuel tank, 
occurred during cycle 7 of Run A-002. During this series of engine 
firings the pressure dropped 4 psi within the first 10 seconds, before 
the heat input slowed the rate of decay. The oxidizer tank returned to 
its operating level, however, the fuel tank heat exchanger was incapable 
of meeting the demand and continued a slow average rate of decay to the 
end of the cycle at which point an additional heat exchanger flow of 17 
seconds was required to return the tank pressure to the operating level. 
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The second area of pressure excursion occurs on termination of heat 
exchanger operation after engine firing. The residual heat stored in 
the heat ~xchanger fluid and tank shell gradually cause~ an increase in 
the tank pressure over the operatlng range~ The maximum level noted 
(2 psi) occurred between cycles 3 and 4 of Run A-DOL 
The total tank pressure excursion experienced during the test program, 
therefore, was 8 ps i . However, except during the cycle 'when the fue 1 
tank lagged, the pressure difference between the two tanks did not exceed 
2 psi at any time. 
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10.0 CONCLUSIONS AND RECOMMENDATIONS 
This program required the design, d.evelopment, and testing of 
two flight-weight volatile liquid expulsion systems. System A simulated 
the Apollo service module requirements and System B simulated the Apollo 
command module requirements. The results of the program are considered 
to have advanced volatile liquid pressurization and bellows tank 
technology toward a "flight-worthy" condition. 
Although considerable fabrication difficulties were encountered in 
manufacture of the aluminum expulsion tanks, these problems are considered 
resolved. The basic design and fabrication of the stainless steel bellows, 
which are well within the state of the art, proceeded without difficulty. 
A successful flight-weight demonstration program was conducted where 
expulsion tests were made with single tanks using storable propellants 
(N204, Aerozine 50, and monomethylhydrazine). The simultaneous expulsion 
of two tanks with simulated propellants demonstrated bipropellant engine 
operation. Tests were made at various flow rates to simulate selected 
duty cycles for single and multiple engine usage. Finally, a series of 
tests was conducted in conjunction with a complete auxiliary propul~ion 
system. The results of these tests allowed determination of th(~ 
following system parameters: magnitude of pressure decay in the tank 
versus propellant flow rate and duty cycle; effectiveness of the pressure 
recovery during a nonflow condition; effect of a changing quality level 
of the volatile liquid on the magnitud.e of pressure decay; capability of 
the individually controlled tanks in a bipropellant system to maintain 
equal pressure levels; and the effect of engine dynamic operation on 
pressurization performance. 
Successful System A operation was demonstrated over a wide range of 
propellant flow duty cycles. The ~nly time a relatively high (4 psi) 
differential pressure occurred between the twO tanks was during a high 
(67 percent) engine duty cycle when the heat exchanger flow on one tank 
was incapable of meeting the den'iand. As this problem occurred only on 
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the fuel tank, a redesign of the heat exchanger would resolve this 
problem. There is, however, a maximum duty cycle which can be tolerated 
by the system without pressure decay. During the balance of the tests, 
, 
the differential between the tanks did not exceed 2 psi. The total 
operating band was well within the tolerance ra'nge established. The 
results of this set of tests demonstrated the applicability of volatile 
liquid pressurization in a pulsing mode of operation. 
For System B operation the pulsing mode of expulsion did not result in 
efficient operation of the heat storage material, particularly on the 
low (single 100-lb-thrust engine) flow rate runs. As shown in Figure 
10-1, the pe~formance was nearly identical between a run made with heat 
storage material added and another run made using Genetron 32 only 
indicating no heat input from the eicosane. Some evidence of heat storage 
material heat input, however, was indicateG during the high (four lOO-lb-
thrust engines) flow rate runs. This was attributed to the fact that 
with the low propellant flO\<[ rates the temperature decay in the Genetron 
is prll:)bably not sufficient to trigger solidification of the,heat storage 
material. If the temperature differential is sufficient at propellant 
flow termination, the temperature of the vapor starts to increase and 
quickly removes the temperature differential required to solidify the 
heat storage material. For the four engine flow rates, the temperature 
differential occurring is much larger. On termination of flow it 
requires a considerably longer period of time before the temperature 
difference appears. This allows the heat storage material to solidify 
over at least a part of the run and results in a higher pressure level. 
With the duty cycles established for System B operation, the advantages 
of a heat storage material were not clearly demonstrated. At the low 
flow rate and duty cycle an eicosane definitely should not be used. The 
use of heat storage material at the higher usage rate may be warranted 
depending on the system requirements. 
The results of this program demonstrated that volatile liquid expulsion 
technology for pressurization of storable propellants is suitable for 
reaction control system applications. For a pulse mode of operation, 
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the use of the waste heat loop as the heat source proved to be very 
effective in providing adequate system control for all duty cycles tested. 
The use of a stored heat material is of advantage in continuous expulsion 
of most of the propellant in a single pulse. The pressure variation 
experienceu during propellant flow is well within the tolerance limits 
of the present reaction control system engines being used. 
Several distinct advantages for a volatile liquid pressurization system 
over the conventional gas pressurization are indicated including: an 
increase in reliability through the elimination of several complex 
components in the pressurization system; improved overall volumetric 
efficiency through the combination of the pressurization and propellant 
storage systems in a single container; a potential weight reduction, and 
a system having an inherent capability of propellant refueling which will 
be of extreme importance on long duration missions. 
The following areas of work are recommended as a continuation of this 
program to advance volatile liquid expulsion technology to the state 
where development of a flight system is feasible: 
1. An investigation into the manufacture of the bellows using 
lightweight metals such as aluminum or titanium, to provide 
a reduction in the overall all-metal system weight. 
2. A system optimization study for a specific application of the 
volatile liquid system. This would necessitate updating the 
analytical model to include vaporization of the pressurant 
during expulsion and account for the resulting transient 
unsaturated condition. 
3. The work conducted under this program was limited to investi-
gation of a waste heat loop as the external heat source. For 
many potential applications where a waste heat loop is not 
available or of insufficient capacity, an investigation is 
warranted of alternate heat sources such as electrical, nuclear 
isotope or radiation from the engines being operated by the system. 
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MU.L~» August 9. 1966 CR 67 
A. Before Capsule Removal 
Developed a leak while testing .at TRW. Details of the 
testing cycle and history of performance at TRW are not 
known a.t this time. th~ tanl~ was cut apart on 8-4-66. 
The close-out weld drop through ap~ea.r8 to be heavy. 
The height appears to vary from. 0i.!0 to • 050. However. 
this is difffcu,lt to determine, due to the heavy burrs 
induced by cutting the can apart directly in this area. 
Observations of the visual examination of the exposed 
bellows. can and dome is al follows: 
End Dome 
Shows no dings or deformations. There is some 
evidence of scratching appa.rently due to the but~ons 
on the end terminal of the bellows. There is one 
bent stop inside of the dome. This stop is bent 
inward (I. E. bent toward the end of the dome. ) 
See Picture 1. No other damage is apparent. 
Can (Wi'th Bellows Still Inside) 
The can shows no bulges or gouging in th(" exposed 
section. There is some scratching or polishing. 
1 don I t know which, due to the buttons on the end 
terminal and the anti-sag rings. All the buttons 
seem to have been riding on the side of the tank 
at one time or another. indicating that the tank has 
been operated horizontaly in several positions. 
See Picture Z. 
End Terminal 
The end terminal shows bending of the flange at 
the 4: 00 o'clock and 8: 00 o'clock sections. The 
buttons at these portions are severely deformed. 
The button at lZ: 00 o'clock is protruding slightly 
from its retairdng hole. The button at the 6: 00 
o'clock section appears to have been completely 
removed. 
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Movement of the bellows is diffuclt. The bellows can 
be pushed in with the heavy dragging occurrinp some-
where in the middle of the bellows at the top siae. Upon 
release of force, the end terminal cocks by digging 
in on the. bottom. The top moving outward and the 
middle portion of the bellows moving upwal'd coming 
in contact with the surface of the tank. 
B. After Capsule Removal 
Can Examination 
The can shows gouging at 4: 00 o'clock and 8: 00 o'clock 
in the rear portion of the can. See Picture 3. Light 
gouging at the 6: 00 o'clock portion occurs approx-
imately 3 1/4 inches from the rear atop. The heavy 
gouging at the 4: 00 and the 8: 00 section are a~ approx-
imately five to six inches away from the rear stop. 
Examination of the Bellows 
The bellows segments appear to be okay with the 
following exceptions. The second segment from the 
fixed term\nal is heavily damaged with fold-in occurr-
ing next to the rear anti-sag ring. The bellows segment 
is cocked, causing bendiL1g gf the capsule. The segment 
next to the r.noveable terminal shows bending at the end 
terminal j'l.'l,nction due to the terminal flange being bent 
over the capsule. See Pictures 4 & 5. The anti-sag 
ring buttons opposite the fold-through on number two 
segment are flattened due to heavy pressure. 
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Subject tank was remov~~d by TRW, from apprm...imatcly a years 
storage, following completion of its initial testing: and examined 
for usability in a new series of tests" TRW dis,;overed what 
appeared to be a leak in the bellows expulsion module. 
MBC received the tank a~d installed it in a test set-up to :;onfirm 
the lea.kage. 
5 PSI of gaseous nitrogell was applied to the po'rt internal to the 
bellows. A line from the port external to the bellows wa.s S I,lb-
merged in water. Modera.te bubb'ling was d~tectcd; confirming 
the leakage. 
The alurninum dome was then parted from th,; tank through the 
elec'tron beam weld. The bellows expulsion modullJ was removed 
from the tank, and examined by aga.in applying gaseous nitrogen 
through the port, while the bellows was submerged in water. 
Leakage was found to be emanating from only one s pot on the 
bellows. 
Close exa.mination showed the leak source to be cl hole in the 
middle of the first diaphragm attached to the terminal immedia tel y 
below one of the guide l:';l,.;.tton pads. 
The damaged convolution and terminal were then removed from 
the remainder of the bellows assembly to determine the cause 
of the hole. 
Examination of the damaged area showed the diaphragm to be 
fused to the terminal at one spot, which occurred during the 
welding attachment of the guide button pad to the terminal. The 
apparent hole was actually a semi-circular crack extending ) 
around the periphery of the fused spot. See Photos. 
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CHATSWOR TH. CALIFORNIA 
REPOR T CR - 58 
EXPULSION TANK 
THOMPSON RAMO Y~OOLDRmaE SYSTEMS 
P. O. 292.79 
" 
\ 
pIN en083S .. 3 
MBC PIN 57218 - 3 
JOB NO. 12608 
C-l 
Prepared by: 
'. ' 
Date: April 19. 1966 
.~ .. ,~t ~--.~~.-------------------.-------------------- ( 
The following procedure conltUutel the Production Telt Procedure 
lor MBC pIN 57Zl8-l 
Telt Conditionl 
Ambient and fluid temperaturel: 10oF:t ZOoF. 
Fluidl: Clean dry Nitrogen I 
Clean dry HeUum 
Clean Freon TF 
Eq ui pm e'!!.,. 
Pre.alure gaUge. - accura.cy, i Z'Y" pi full Icale 
C. E. C. Helium leak detector Model Z4-1Z0 01' equivalent 
Tell. let Upl per applicabl't! Iketch. Note. the actual test let-up 
,can vary from the figures. However, the intent of the fl,ure. mUlt 
be adhe r ed to. 
A.' External Leakage 
" , 
I.' Set up per Figure 1. Portl identified by picture only. 
• • 
, ' LEJa\K 
Dc Tec.TOR, 
" 
. ' 
F\ G "I. 
, . ' 
'Evaicuate u'nit through port PZ' Plug port 'Pl' 
Apply He to all external joint,. 
Leakage greater than 5 x 10ue. cc /Iec ~e'(p) any joint 
.shaUbe caule for rejection. Totalleakale Ireater . 
than 1 x 10 .. 5 ccllec He .hall be cau.e for reJe,ctlon • 
• 
B. .. !!' te,rnal Le akas e ,.' ' .. 
1. 
z. 
Lep-ve let up per Hgure 1. . 
Unplug PI and apply He to PI' Evacuate unit ' 
through PZ' 
J. Leaka,e"n e2\\"ce •• of 1 x 10.5 cc/ •• c H •• hall b. cau •• 
for reJectlon.· I : 
" 
'~-:2 
,*... '1· ~ 
I 
J 
ji!i: • 
- -
r 
c. Tube Le akas e 
1. Set up per Figure 11 
LEAK DETEe.. TO R 
FI6 IT 
Z. Plug fitting F l' evacuate unit thr~ugh fittina F z· 
3. Apply He to heat.exchanger tube. 
4. Leakage greater"than 1 x 1-0-4 cc/aec'lhall be cause 
lor rejection. 
D~ Prbd Pressure 
. 
• 
.' 
. 1. Set up per figure 111 
GAG.E 
REG rR~ON 'JALVf; 
f\C, m 
f ,. :. 
" , ./ i ,Z •. ,'ApplY IteadUy inc r,eaair~. Freon pT~aaure aimu1taneoualy. >~I(l'i~''''~ " to portl P1 and k'Z up to 510 PSI • .' . ' .•. 
" 
, . .. 
: . 3. Hold prell for one minute"and then return pre •• ure to zer'O., 
./ 4 .. 
" 
Any leakage or permanent .. deformation .hall be c~u •• lor 
. rejection. . " 
.. 
5. Drain unit. J 
E., .,' Propellant' Volume I ' '. \ , ' .... , f ~ , I'" j f f"'- ,.~,-, 
" . 
1. Set up per figure IV " .. r~·I.' 
---f)o{ .... -....----~----- .' •• _--.- ~ , , 
, . 
i l . 
'V3 ,I. ! : I 
J \ • ...". 1 
, <~.,,-o'~~~~M~1 
"'rASURE 0 4 
F\L 1EREO'" . ", b. \J, 
FRE-ON L...J . GAGE G. 
-'30 IN H'·O-.~PSl . . 
Vt4r . ~ 
. ' v:, 
. . . , 
F'~ X' • " . 
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propellant Volume (Continued) 
Z. Record volume in beaker B1, 
3. C10le valve. V l' V 2 It V 4' Open valve. V 3 " V 5' 
Evacllate port PI' 
4. Clole valve V 3' Open valve V1, Allow freon to 
flow into tank, 
.. 
i 
5. Clo.e valve V 5 and open valve V 2' Ste,,.dUy increa •• 
N
Z 
prell to port P z until fiow into beaker Bl ItOp., 
Record volume of freon in beaker Bl' Record NZ 
pre •• ure. 
6. Clole valve V Z and Ilowly open valve V 4' Evac'late 
It 
, ' 
port P
z 
until pre.lure i. 5 PSI lell than prellul'e 
recorded in .tep E S. Record volume of freon in 
beaker Bl , 
Clole valve V 4 and open valvel VI " V 2' Apply NZ 
prell to port P z to the level recorded in Itep E 5. 
Record volume of freon in beaker Bl , 'r 
,8. Determine and record expelled volume 01 freon br 
lIubtracting beaker volumel of .tep E 6 from step E ', •.... 
, Expelled volume le 1111 than 167 Z cubic inche. Ihall 
• I 
, . 
be caule for rejection • 
Clolle valve V Z and open valve V 4' 
until ft''!'on etopI £lowing into tank, 
ireolt in bea.*"fH B l' 
Evacuate port P z 
,Htl(, .' ~'"~'ume of 
c:a • S8 
JJ. I' 
\ ,10. "'! ..... Determine and record total volume ol freon in ta.nk by 
':'-:'. /o'r: lubtracting beak~r volumell of Itep E 7 from E9. 
11. . Clole valve V 4 a.nd open valve V Z. ,Slowly increalle NZ 
.1 , ~.' .. prel' to port Pz untlllreon ItOpll £lowing into beaker B1• 
-"I j 
;. t'. ' ')" ~.~I \ .. Dilc06nect tV"bing from port P l , Reduce prellur,~, in 
portPz to zero, 
, l,. 
~;'13. .:.', Dilconnect port P z and drf:i,in fluid remaining in port P1 
'. Into calibrated beaker. Record volume of freon. Volume 
in exce.1 of z'I. of expelled volume' of note E: 10 Ihall b. 
caule lor rejectlon. , . . , .. 
'.1 I • 't ~ .... ~ 
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1. 
-
2. 
3. 
-
4. 
5. 
-
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EICOSANE LOADING PROCEDURE 
Melt 9.5 lbs of eicosane (melting temperature 97.9°p 
Pressurize the Bellows capsule to 5 psig 
Pour the melted eicosane into the Bellows movable header through the 
tank pressurant port (pour slowly to avoid spillover of eicosane on 
Bellows convolutions) 
Allow eicosane to cool and solidify in Bellows header 
Vent the Bellows capsule . 
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2. 
BXPULSION TANK 
PRESSURANT AND PROP'El,LANT 
LOADING PROCEDURE 
Open pressurant tank vent and isola.tion valves 
Tank 
-----------------
Date ~. ------------~~-Propellant Wt. 
Gen. 32 Wr. 
Eicosane Wt. 
EvacUa.te the propellant side of the expulsion tank to 30 in of Hg with 
the following valves in the indicated pos,itions 
1- Main safety valve closed 
2. Propellant shutoff valve open 
3. Flow control valve closed 
4. Load valve closed 
S. Propellant inst. valve closed 
6. Propellant vacuum valve open 
7. Bellows isolation valve open 
8. Engine valves closed 
3. When the lines are evacuated close propellant vacuum valve 
-
4. Close the pressurant vent valve 
S. Open the main shutoff valve 
6. Slowly open flow coatrol valve until 3 Ibs of propellant are loaded .' 
or until flow stops. If flow stops slowly open pressv:rant vent valve 
to atmosphere. If required propellant cannot yet be J".)n,ded, pressurize 
supply tank to 3 psig max. When required amount of pt'opellant has 
been loaded close the propellant shuto.ff valve, the flow control val"/e 
and main safety valve. 
7. Close pressurant inst. valve and open propellant inst. valve 
0",,2 
C) 
1 I ~ $:. I 
r · 
., 
, 
': 
( 
1 
... 
8. Evacuate ptessur.ant cavity through pressurant vent valvo t() SO in of 
Hg or 15 psi P max., which ever occurs first 
_._9. Cap pressurant vent port 
10. Open bottle valve and load pressurant to 10 psig 
11. Openpressurant inst. valve and close press vent valve 
12. Load remaining required weight of pressurant and close pressurant . 
hottle valve 
13. Close pressurant isolation valve and open pressurant vent valve 
-
14. Pressurize supply tank to 5 ±S psi higher than the pressure level in 
the propellant tank using the N2 sup'ply ... 
15. Open main valve 
16. Open the load valve and load the tank to the required weight 
17. Close load valve when tank is loaded 
18. Close the main safety valve _. 
19. Turn on the water to the scrubber tank 
--
20. Open the dump valve and vent the supply tank 
21. Turn the water off to the scrubber tank after ] 0 mj,nutes 
jE#' ., . 
: ..{ 
• 
1. 
-
2. 
-
3. 
-
4. 
5. 
1. 
--
2. 
-
3. 
-
4. 
5. 
-
6. 
7. 
8. 
9. 
u r - --
RUNNING PROCEDURE - SYSTEM A 
Heat the water/glycol mixture to 180 ~ lOoP / 
With the bypass valve on automatic control, turn on the heat ex,~hanger 
pump 
Let the tank pressure rise until the bypass valve closes 
If liquid and vapor temperatures are not equa! within ona '.!P, let 
the pressure in the tan.k decay until the heat exchanger flow is 
re"initiated. Continue the cycling process until t:hG temperature 
conditions are met. 
Expel the prop~llants in accordance with the desired duty cycle by 
operating the engine valves. 
To Reload Propellants For Additional ,}tun 
Turn heat exchanger pump off 
Pressurize the supply tank to 3 ~ 2 psi higher than the p~essure 
level in. the propellant tank 
Open the main safety valve 
Open load valve and load the tank to the required weight 
Close the load valve when the tank' is loa~ed to the desi.red weight 
Close the main safety valve 
Turn on water to the scrubber tank 
Open the dump valve ~t\,~I l(ttJ~'f~ th~ suPVly tan.k 
Turn the water off in the scrubber tank after 10 minutes 
10. Start rlmning procedure at step No. 2 
D-4 
., 
I 
{ 
RUNNING PROCEDURE - SYSTEM B 
t. 
1. Heat the water/glycol mixture to 180 ± lOop 
2. With the bypass valve on manual control, turn the circulati,ng pumps 
-
3. 
4. 
5. 
Heat system to 99° and hold for a minimum of 1 hour. If the pressure 
rises over 360 psig, turn off heat exchanger until pressure drops to 
340 psig, then re-initiate heat exchanger flow 
Switch the heat exchanger bypass valve to automatic control 
Let tanks cool until wax temperature is 93 to 94°F. Vapor temperature 
shall be as close as possible to wax temperature in both tanks at 
start of run 
6. Turn off heat exchanger pumps 
7. Expel propellants accordi,ng to. given duty cycle by operating th~ 
engine valves 
To Reload Propellants 'For Additional Run 
1. Switch the bypass valve to manual control and tum on pumps 
2. Reheat wax to 98+ o F and hold for 10 minutes 
3. Pressurize the propellant supply tank to ::; t 5 psi higher than the 
pressure level in the propellant tank 
4. Open the main safety valve 
5. Opera the load valve and load the tank to the required weight 
-
6. Close the load valve when the tank .is loaded to the desi:r.ed we,ight 
7. 
'\ 
Close the main safety valve 
8. Turn on water to the scrubber tank 
I 
j 
, 
.~ 
liE'! 
,I ' 
t I ~\ 
~';" . iI 
, , 
i 
I 
I 
'r 
s, , • -
..",. . 
9. open the dump valve and vent the supply tank 
-
10. Tum the watelr off in the scrubber 'tank after 10 minutes 
11. Start running procedure at step No. 4 
-
*Caution: - Do not cycle the bellows if the liquid temperature falls 
below 92°F except as directed by the test engineer 
D-6 
i 
J 
